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 MISE EN FORME PAR CENTRIFUGATION DE L’ALLIAGE DU ZINC ZA8 ET DU 
COMPOSITE A356/SiC : ÉTUDE ET MODÉLISATION DE LA SÉGRÉGATION 
DES PHASES ET DES PARTICULES                         
 
 
Bahaa BALOUT  
 
 
RÉSUMÉ 
 
 
La centrifugation est une technologie de mise en forme qui permet de fabriquer des pièces 
cylindriques et graduées, c’est-à-dire ne possédant pas les mêmes propriétés mécaniques à 
travers la section. Le besoin de matériaux de bonne qualité avec des propriétés mécaniques 
spécifiques nous incite à utiliser cette technologie afin de fabriquer plusieurs types des 
matériaux comme les alliages du zinc et les composites à matrices métalliques gradués 
renforcés par des particules dures et résistantes à l’usure.  
 
Le but de cette étude est de modéliser la macroségrégation de l’eutectique et les vitesses des 
fronts de solidification, pendant le moulage par centrifugation de l’alliage du zinc-aluminium 
ZA8. Cette étude permettra d’améliorer la qualité de la pièce et d’augmenter sa résistance et 
fiabilité en service. D’ailleur, la ségrégation des particules à travers la matrice pendant le 
moulage par centrifugation d’un composite à matrice d’aluminium renfrocé par des particules 
de carbure de silicium (A356/SiC) sera étudiée. Le taux de refroidissement, le déplacement et 
la ségrégation des particules à travers la section seront modélisés en discrétizant la loi de 
Stokes dans le temps afin de tenir compte de la variation du rayon de centrifugation et de la 
viscosité pendant le processus de refroidissement. Cette étude permettra de contrôler le degré 
de graduation des particules à travers la section afin d’améliorer les propriétés et la résistance 
à l’usure du composite. Ce composite peut être utilisé pour des applications où le frottement 
est élevé et la charge est critique (renforts de parties du moteur à explosion, des cylindres de 
systèmes pneumatiques). 
 
Les résultats obtenus montrent que la zone de la macroségrégation maximale de l’eutectique 
à travers la section correspond à la zone du dernier point de solidification. La 
macroségrégataion de l’eutectique produite pendant le moulage par centrifugation d’une 
pièce à paroi mince est une ségrégation normale. Elle varie en fonction de la vitesse de 
solidification et du rapport entre les vitesses des fronts de solidifictaion. D’autre part, il a été 
constaté que la position et la fraction volumique des particules sur la surface interne/externe 
et à travers la section du composite changent selon que la viscosité du métal liquide et le 
rayon de centrifugation utilisés sont constants ou variables. La modélisation de la ségrégation 
des particules en discrétisant la vitesse des particules dans le temps, conduit à des résultats 
plus proches de ceux obtenus expérimentalement.   
 
 
Mots-clés: moulage par centrifugation, composite, macroségrégation, solidification. 
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Bahaa BALOUT  
 
 
ABSTRACT 
 
 
Centrifugation is a casting technology that allows the production of cylindrical and graduated 
parts with different mechanical properties through the section. The need for materials with 
good quality and specific mechanical properties has been driven this technology in order to 
produce different types of materials such as zinc alloys and graduated metal matrix 
composites reinforced by hard and wear resistant particles.  
 
The goal of this research project is to study and model the eutectic macrosegregation, the 
solidification speed, and the speeds of solidification fronts during centrifugal casting of ZA8 
zinc-aluminum alloy in order to improve the part quality and increase its strength and field 
reliability. Moreover, the segregation of the particles during centrifugal casting of an 
aluminum matrix composite reinforced by silicon carbide particles (A356/SiC) is also studied 
to improve and control the graduation of the parts. The cooling rate, the speed, 
acceleration/deceleration, displacement, and segregation of the particles across the section 
will be modeled by discretization of Stokes’ law in time in order to take into consideration 
the change in the centrifugal radius and melt viscosity during cooling process. This study will 
allow the control of the graduation degree of particles across the section in order to improve 
the properties and wear resistance of the composite. This composite can be used in systems 
where friction is critical and load is high (reinforcements of parts for the cylinders of 
pneumatic systems). 
 
The results show that the maximum macrosegregation zone of the eutectic across the casting 
section corresponds to the last point of solidification. The eutectic macrosegregation 
produced during centrifugal casting of thin walled part is a normal segregation which varies 
depending on the solidification speed and the ratio between the speeds of solidification 
fronts. On the other hand, it was found that the position and volume fraction of the particles 
on the outer/inner casting surface and across the section varies whether the viscosity of the 
liquid metal used and the centrifugal radius are considered constant or variable during the 
modeling. Modeling the particles’ segregation while discretizing, in time, the particles’ 
velocities gives more consistent results compared to those obtained experimentally.  
 
 
Key-words: centrifugal casting, composite, macrosegregation, solidification.  
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 INTRODUCTION  
 
Castings have a certain number of defects that are almost inevitable: voids, gas, and included 
oxides. For example, they all have very low ductility caused by the presence of pores which 
give the casting a brittle character. These pores are generated by the shrinkage and 
contraction. During solidification the liquid is unable to supply the interdendritic spaces and 
creates fine pores, often less than a tenth of a micron, which are responsible for the decrease 
of the alloys ductility. These fine pores are created due to the excessive viscosity of the 
liquid. When the temperature gets close to the melting point, the liquid is unable to flow 
between the fine details of the microstructure to feed the solidification shrinkage and thermal 
contraction. The cooling rate relatively low in gravity casting, resulting in a relatively coarse 
microstructure, which is obviously not favorable for the mechanical properties. 
 
It is possible to produce graded parts not having the same mechanical properties on the 
exterior and interior surfaces. For this we use centrifugation, which allows for the 
segregation of phases and particles as a function of the acceleration. The centrifugal casting 
process allows us to use centrifugal force to produce a turned part. In the case of metal matrix 
composites (MMCP), the centrifugal force acts on the distribution of reinforcing particles. By 
applying a centrifugal force, it is possible to produce turned parts of graduated composite 
with specific local properties. The effect of centrifugation is to change the composition of the 
alloy across the thickness and to modify the distribution of reinforcing particles. 
 
Hearn (technique de l’ingénieur, AM 5210, 2002, p. 4) mentions that the main advantage of 
this method lies in its ability to implement large quantities of raw materials in a short time 
(1000 kg/h is not exceptional with rotation-projection-type installations) allowing it to 
compete on certain types of tubular parts in relation to concurrent technologies. 
 
The need to train the mold, rotating at high speed, to generate a sufficient centrifugal force 
that will make a correct elaboration of the material imposes a physical limitation upon the 
combination of process parameters within the dimensions of the casting (rotation speed/part 
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diameter). It is common to distinguish two types of casting: those where the material is 
fabricated only under the influence of centrifugal force, and those named casting by 
(rotation-projection) where compaction and boiling are assisted by mechanics means. 
 
According to Hearn (technique de l’ingénieur, AM 5210, 2002), during centrifugal casting, a 
permanent mold is rotated around its axis at high speeds (300 to 3000 rpm). The pouring is 
rejected under the influence of centrifugal force to the interior wall of the mold, where it 
solidifies after cooling. Only parts of cylindrical shape can be produced by this operation. 
The dimensions of the cylinder can vary up to 3 meters in diameter and 15 meters in length. 
The thickness of the section can vary from 2.5 to 125 mm. Materials that can be produced by 
centrifugal casting include cast iron, steel, stainless steel, aluminum alloys, copper, and 
nickel. The parts produced by this technique are numerous and include pipes, boilers, 
flywheels, etc. 
 
During the casting of materials, two types of segregation may be found in the microstructure. 
The first is microsegregation, which is caused by the lack of diffusion of alloying elements 
with the high rate of cooling; the second is the macrosegregation of alloying elements and 
phases that occurs because of the density difference between alloying elements which, under 
the influence of solidification fronts, move in opposite directions simultaneously. 
 
Microsegregation can be reduced or eliminated by a suitable heat treatment such as 
homogenization, for example, while macrosegregation is irreversible. A subsequent heat 
treatment has no effect on macrosegregation. In addition, macrosegregation can occur during 
centrifugal casting as well as during gravity and squeeze casting. 
 
The macrosegregation phenomenon depends upon boundary conditions used during casting 
and upon solidification rate. A change in the initial mold and pouring temperatures can 
change the rate of macrosegregation and its variation across the casting section. 
Solidification fronts advancing from opposite sides reject during centrifugal casting the last 
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liquid to fill the area of shrinkage and thermal contraction located at the last point of 
solidification. 
 
To increase the wear resistance without increasing the weight of materials, new alloys such 
as metal matrix composites (MMCP) that contain soft and lubricant particles (graphite) and/or 
hard particles (SiC, Al2O3, B4C, TiB2, BN, and others) with improved machinability have 
been developed. MMCP appeared on the market in the ’70s; they are known for their light 
weight and high wear resistance, but also for the difficulties encountered during their 
machining. Generally the reinforcement particles are abrasive and difficult to machine. 
Villar and Masounave (technique de l’ingénieur, M 2 448, 1996, p. 2) indicate that, in 
general, MMCP are used primarily for their excellent wear resistance, as well as in abrasion, 
erosion, or friction, due to the presence of hard reinforcing particles. Compared with 
aluminum alloys, the Young’s modulus and yield strength of these materials are higher, 
around 10 to 15%. 
 
Compared with carbon-carbon fiber composite, the yield strength of MMCP reported to the 
density unit is higher, at about 40%, and they are cheaper and recyclable, which is not the 
case for polymer composite (polymer matrix). In addition, compared to steel, MMCP offer 
much interest. Their density is lower, the yield strength and Young’s modulus are higher, and 
the wear resistance is better. Moreover, MMCP have some interest because of their adjustable 
properties. According to the morphology of particles and their distribution, it is possible to 
vary the properties in interesting proportions. 
 
The main objective of this research is to study and model the segregation of phases and 
particles during centrifugal casting of zinc-aluminum alloy ZA8 and functionally graded 
aluminum matrix composite A356/SiC, respectively. The research results will help in 
controlling the phenomenon of segregation of phases and particles, thus improving the 
quality and mechanical properties of the casting and increasing the wear resistance in the 
case of MMCP. 
 
4 
For the centrifugal casting of zinc-aluminum alloy ZA8, we studied the phenomenon of 
macrosegregation by modeling the speed of solidification fronts and the macrosegregation of 
the interdendritic liquid produced through the matrix during the centrifugal casting. This 
analysis and modeling will permit to reduce the rate of macrosegregation variation across the 
section, to control the zone of maximum macrosegregation, to avoid the formation of brittle 
zones in the critical positions across the section, and thus to increase the toughness and part 
reliability in service. 
 
On the other hand, in order to better control and specify the degree of graduation and 
variation of the volume fraction of the particles across the section during centrifugal casting 
of a graded composite, we intended to model the segregation of particles taking into account 
the variation in centrifugal radius and viscosity of the liquid metal during the cooling process 
and, therefore, the change in velocity of the particles during their displacement through the 
matrix. Modeling the segregation of particles using a variable particle velocity and a dynamic 
viscosity allows one to precisely determine their degree of graduation across the section and 
on the inner/outer casting surface, and to better control their mechanical properties at the 
critical points of the section. For example, this composite must resist friction and wear; on 
the other hand, it must be compatible with the casting alloys. The fabrication of such graded 
composite is difficult to achieve using traditional foundry processes; however, centrifugation 
allows us to overcome this difficulty. We produced a graded composite with specific 
mechanical properties by controlling the process parameters, the boundary conditions, and 
the cooling rate. We also studied the influence of the variation of the centrifugal radius 
during the displacement of the particles, as well as the change in viscosity during the cooling 
process, on the displacement and segregation of the particles. 
 
We can summarize the specific objectives of the research as follows: 
 
1. Study the macrosegregation of phases. Model the speed of solidification and the speeds 
of solidification fronts, the final solidification point, and the zone of maximum 
macrosegregation of the eutectic through the section.  
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2. Establish recommendations in order to increase the toughness at the critical points of the 
section while controlling the zone of maximum macrosegregation and the ratio between 
the speeds of solidification fronts. 
 
3. Model and control the distribution and segregation of the particles across the      
      section and on the inner/outer casting surface of MMCP by discretization of Stokes’ law 
      in order to take into account the variations of viscosity, centrifugal radius, and  
      particles’ velocities during the cooling process, as well as their influence on the 
      particles’ segregation. 
 
 
Structure of the thesis 
 
The thesis consists of four chapters. It starts with an introduction, followed by chapter one on 
literature review, two other chapters on the various research tasks, and a chapter of general 
discussion, plus a general conclusion, recommendations, and a list of references. The 
experimental conditions and parameters used in our studies are presented at the beginning of 
each chapter. The chapters of the thesis are organized as follows: 
 
 
Chapter 1:  Literature review. 
 
In this chapter, we analyze the works found in literature on the macrosegregation of phases, 
on the centrifugal casting of metal matrix composites (MMCP), on MMCP along with their 
properties and resistances, and on the wettability of particles. In addition, this chapter ends 
with  a clear formulation of the problem and the methodology used. 
 
 
Chapter 2:  Modeling of Eutectic Macrosegregation in Centrifugal Casting of Thin-Walled 
ZA8 Zinc Alloy.  
 
In this chapter, we present our research results on the macrosegregation of phases produced 
during centrifugal casting. The primary goal is to model the zone of maximum eutectic 
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macrosegregation through the section as well as the speeds of solidification and solidification 
fronts, taking into account the boundary conditions and process parameters used. In addition, 
an analysis of the microstructure with optical and electron microscopes is done. Finally, a 
conclusion is established to limit macrosegregation and control the zone of maximum 
macrosegregation of interdendritic liquid across the section. The use, in this study, of 
hypereutectic ZA8 zinc alloy with a high eutectic concentration makes it easier to identify 
and to model macrosegregation throughout the matrix. The results of this modeling can be 
used to study and characterize (by extension) the macrosegregation of phases in the metal 
matrix composites and other alloys produced by centrifugation. 
 
 
Chapter 3:  Modeling of Particle Segregation during Centrifugal Casting of Metal Matrix 
Composites.  
 
In this chapter, we present the modeling of the displacement, segregation of particles, and 
variation in their volume fraction across the casting section using Stokes’ law with a 
discretized particle velocity and deceleration/acceleration over time. The primary goal of this 
chapter is to identify and control the degree of particle graduation across the casting section 
while using variables centrifugal radius and pouring viscosity. This chapter shows the 
influence of the variation of particles’ velocities on the change in their volume fraction on the 
outer/inner casting surface. Moreover, the developed models are validated experimentally 
and discussed. 
 
 
Chapter 4: General Discussion. 
 
In this chapter, a general discussion on the modeling and results presented is performed. The 
discussion allows us to link the found results and the previous studies, and helps clarifying 
certain aspects of the modeling and the different points identified in the problem and research 
objectives. This discussion allows, also, to show the importance of the found results on 
improving certain aspects of science related to the segregation of phases and particles during 
centrifugal casting. 
 CHAPTER 1 
 
LITERATURE REVIEW 
 
 
1.1            Principal of centrifugal casting 
 
In centrifugal casting, a permanent mold is rotated around its axis at high speeds (300 to 
3,000 rpm) while the molten metal is poured. The molten metal is thrown, under the 
influence of centrifugal force, to the inner wall of the mold, where it solidifies.  
  
When a body is rotated around a fixed axis, it is subjected to a centrifugal acceleration. To 
keep the body in its trajectory, a centripetal force of the same magnitude is developed and, 
therefore, this body exerts an opposing centrifugal force on the device that constrains it. 
 
The acceleration γ caused by the rotation is given by:  
 
γ = v2/R = ω2.R                                                         (1.1) 
 
The centrifugal force = the centripetal force, and is given by: 
 
Fω = m .v2/ R = m .ω2. R                                                  (1.2) 
 
Where: 
          γ: acceleration, m·s-2; 
          Fω: centrifugal force, N; 
          m: mass, kg; 
          R: radius, mm; 
          ω: angular velocity, rad.s-1. 
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1.2            Macrosegregation 
 
Macrosegregation is an irreversible phenomenon that affects the microstructure of the 
material. Macrosegregation can affect the uniformity of distribution of phases and alloying 
elements through the matrix and degrades the mechanical properties of the casting in 
creating, across the section, areas rich in certain brittle phases and poor in other ductile 
phases. This reduces the ductility and toughness of the material in some areas and limits its 
strength and use. Moreover, macrosegregation can not be eliminated by a subsequent heat 
treatment, as in the case of microsegregation, which is generated by the lack of diffusion of 
alloying elements. The only remedy for macrosegregation is control of process parameters 
and solidification rate, which can help reduce and control it without eliminating it. 
 
According to Nadella et al. (2008, p. 451), the macrosegregation can be a normal or inverse 
segregation. The normal segregation is caused by the flow of the interdendritic liquid toward 
the hottest zone or the center of the part under the influence of the solidification fronts. The 
shrinkage is the driving force behind this transport of the liquid phase. In contrast, 
macrosegregation is called inverse segregation when the solute-enriched liquid is pushed 
toward the peripheries of the casting. In addition, it was mentioned by Nadella et al. (2008) 
that the formation of equiaxed structures promotes the normal segregation while the inverse 
segregation is promoted by the formation of columnar structures.  
 
It has been shown by Gang et al. (1999, p. 306) that, during the centrifugal casting of zinc 
alloy ZA27, the lower the initial pouring temperature, the higher is the reduction in the 
macrosegregation of aluminum. Figure 1.1 represents the relative content of aluminum across 
the casting section. It can be seen, from this figure, that the relative content of aluminum 
increases from the outer to the inner surface. In addition, it has been found by these authors 
that the addition of manganese (Mn) to the alloy reduces the macrosegregation of alloying 
elements remarkably. An addition of 0.4–0.5 wt% of Mn gives the highest reduction rate of 
macrosegregation. Manganese in the ZA27 alloy can form a MnAl6 phase at high 
temperature, which serves as a catalyst for the primary phase (α). 
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Figure 1.1  Curve of the relative content of aluminum versus                                         
the radial distance of the specimen (Tp = 833 K, tp = 10 s). 
From Gang Chen (1999, p. 307) 
 
 
   
Figure 1.2  Lead and tin percents as a function of distance from the inner                 
casting surface at different mold cooling water flow rates. 
From Halvaee (2001, p. 126) 
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While studying the segregation generated during centrifugal casting of C92200 tin bronze 
alloy, Halvaee and Talebi (2001) mention that increasing pouring temperature intensifies the 
segregation of lead (Pb) and tin (Sn) across the matrix. On the other hand, increasing mold 
cooling rate reduces the segregation. The difference in lead and tin content between external 
and internal casting surfaces is diminished with increasing the mold cooling rate (Fig. 1.2). 
This increase in the solidification rate decreases the rejection of tin and lead.  
 
Furthermore, it was found by Chakrabarti (1996) that during the centrifugal casting of zinc 
alloys, the density difference between the alloying elements produces a transverse and axial 
segregation, which affects the hardness and composition of the alloy through the section. On 
the other hand, it was shown by Zhang et al., (1999) that the formation of silicon (Si) and 
Mg2Si primary phases in zinc alloys improves wear resistance, but affects strength and 
ductility, which decrease. In contrast, the centrifugal casting of the in situ Zn-Al-Si alloy 
reduced the adverse effect of the brittle phases Si and Mg2Si, on the ductility (Qudong et al., 
2005; W. Chen et al., 2001). 
 
 
1.3            Zinc alloys 
 
In addition to their excellent physical and mechanical properties, zinc alloys are characterized 
by a good corrosion resistance and excellent damping properties, which increases 
exponentially with temperature. In addition, zinc alloys have a very good wear resistance and 
excellent machinability. 
 
According to the ASM handbook, vol.15, 2008, die casting is the process most often used for 
shaping zinc alloys. Sand casting, permanent mold casting, and continuous casting of zinc 
alloys are also practiced. However, for producing hollow and cylindrical parts, the 
centrifugal casting is used. The compositions of the different zinc alloys and their mechanical 
properties are given in Appendix I (Table I.1 and I.2).  
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The alloys ZA-8, ZA-12, and ZA-27 are higher-aluminum zinc-base casting alloys with small 
amounts of copper and magnesium. Aluminum is added to zinc to strengthen the alloy, 
reduce grain size, and minimize the attack of the molten metal on the iron and steel in the 
casting and handling equipment. Aluminum increases the fluidity of the molten alloy and 
improves its castability. The ZA8 alloy has high tensile, fatigue, and creep strength as well as 
low density, while the ZA12 alloy – for its part – has very good casting capabilities in a cold 
chamber under pressure. Its density is lower than that of all other zinc alloys except ZA27; 
furthermore, it has excellent wear resistance and acceptable ductility. The ZA8 and ZA12 
alloys are used wherever high resistance is required, such as in auto parts, agricultural 
equipment, electronics, hardware, radios, etc. (ASM handbook, vol. 2, 1979). In addition, 
because of their high mechanical properties and low cost, zinc alloys can be used to replace 
the iron and copper alloys found in many structural applications. 
 
The phase transformation of hypereutectic zinc-aluminum alloys depends on the aluminum 
concentration. The solidification of a hypereutectic ZA8 alloy begins with the formation of a 
primary phase (β) at the liquidus temperature. The phase (β) is stable just above 277˚ C, 
below which (β) is transformed eutectoidly into two phases, an aluminum-rich (α) phase and 
a zinc-rich (η) phase, which form the zinc-aluminum eutectic.  
 
The microstructures of the squeeze-cast and gravity-cast ZA8 alloy are shown on figures 1.3 
and 1.4, respectively. According to Fatih Çaya and Can Kurnaz (2005, p.480), the structures 
are consisted of numerous small and particulate primary β dendrites set in an eutectic matrix. 
The eutectic matrix is made up of α (aluminum-rich) and η (zinc-rich) phases. In the gravity 
cast of ZA-8, the primary β was both coarser and dendritic. The decomposition of β particles 
had coarse lamellar and granular in comparison with squeeze-cast technique. The eutectic is 
big and coarse, especially the space between α and η. 
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Figure 1.3  SEM microstructures of the squeeze-cast ZA-8 alloy at: (a) low 
and (b) higher magnification. 
From Çaya and Kurnaz (2005, p.480) 
 
   
      
 
 
Figure 1.4  SEM microstructures of the gravity-cast ZA-8 alloy at: (a) low 
and (b) higher magnification. 
From Çaya and Kurnaz (2005, p.481) 
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1.4            Metal matrix composites 
 
The metal matrix composites (MMCP) are well-known for their excellent mechanical 
properties, such as resistance to abrasion and wear. Their low cost and their relative ease of 
implementation explain the significant growth in the use of these materials. 
 
Reinforcement particles play a key role in determining the mechanical properties of 
composites. A wide range of particles with different properties can be used to produce  
MMCP, but the type, size and concentration of the particles must be accurately determined to 
obtain a material with desired properties and to avoid interface reactions between the 
particulate reinforcement and the matrix. 
 
Hearn (technique de l’ingénieur, AM 5210, p. 4) mentions that the major feature of 
centrifugal casting is the fact that the reinforcements are not only embedded in a matrix 
under hydrostatic pressure, but also that the reinforcements themselves are individually 
subjected to direct pressure against the mold plate. The artificial gravity field created by 
centrifugal force acts on each element, depending upon its density. Often, it is the density 
difference in a mixture which is interesting. Since there is a fluid giving mobility to the 
particles, centrifugation allows for separation in order of increasing density. 
 
Centrifugal casting is an effective method to produce graduated composites, but a full 
understanding of the mechanism of particle distribution has not yet been reached. Several 
parameters influence the characteristics of the graduated composite, such as metal and mold 
temperatures, variations in pouring viscosity during cooling, solidification speed, centrifugal 
force, and interaction between the particles and the liquid. The balance between these various 
parameters determines the distribution of reinforcing particles in the matrix. Furthermore, 
among the functionally graded materials (FGMs) with aluminum matrixes, most hard 
particulate reinforcements have densities larger than the density of the metal. Thus, the 
segregation of the particles occurs near the outer casting surface. However, Zhang et al. 
(1998, p. 1677-1679) show that it is possible to produce FGMs reinforced with magnesium 
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silicide particulate (Mg2Si) on the casting’s inner surface. The Mg2Si, which is formed 
during solidification, has a lower density than the aluminum matrix (1.88 g/cm3 against 2.4 
g/cm3), and it can be segregated toward the inner casting surface through centrifugal casting. 
 
 
1.4.1        Particle velocity  
 
The velocity of spherical particles during the centrifugation process depends on several 
parameters. According to Stokes’ law, the velocity of a particle in a liquid is expressed by the 
following equation:  
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Where: 
         dp: particle diameter, mm; 
         ρP ,ρl: particle and liquid density, respectively, kg/m3; 
         g: gravitational acceleration, m/s2; 
         η: viscosity, Pa.s. 
 
Kang et al. (1994, p. 249) specify that the segregation of the particles during centrifugal 
casting is caused by the difference between their density and that of the matrix. The particles 
suspended in the metal are subjected to different accelerations caused by the gravitational 
force (g) and centrifugal force (γ = ω2.r). The vertical motion of the particles can be ignored 
because of the acceleration caused by centrifugal force, which is much higher than 
gravitational acceleration. Thus, according to Szekely (1979), cited in Kang et al. (1994, p. 
250), considering the various forces acting on the particle, the balance of forces can be 
expressed as follows: 
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According to Kang et al. (1994, p. 249), based on equation (1.4), the position of the particle 
during centrifugation may be expressed at any moment of time by the following equation: 
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Where: 
         ri (t): particle position at time t, s; 
         r0    : particle position at time t = 0; 
         ω    : angular velocity of the mold, rad/s; 
         Rp   : particle radius, mm; 
         t      : time, s; 
         ηc      : viscosity of a metal containing particles, Pa.s. 
 
Based on equation (1.4), the velocity of a spherical particle moving in a liquid with zero 
acceleration can be expressed by the following equation: 
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Where: 
          R: centrifugal radius, mm; 
          ρP ,ρ l: particle and liquid density, respectively, kg/m3; 
          η: pouring viscosity, Pa.s. 
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Kang et al. (1994, p. 250) show that the thickness of the particles’ zone versus time and 
rotation speed can be estimated. The variation of the volume fraction of particles moving in a 
liquid metal is calculated at time t = t + ∆t, as a function of the distance separating them from 
the outer surface of the casting by the following relation: 
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where Δt is the time interval, s. 
 
Equation (1.5) has been confirmed by Raju and Mehrotra (2000, p. 1628). These authors 
express the balance of forces acting on the particle during centrifugation as follows:  
 
Fω - Fη - FR  =  Fnet                                                                                       (1.8) 
 
Where: 
         Fnet: force acting on the particle, N; 
         Fω: centrifugal force, N; 
         Fη: viscosity force, N; 
         FR: repulsive force, N. 
 
According to Raju and Mehrotra (2000, p. 1628), the effect of the repulsive force on the 
particle is significant only if the particle is close to the solid-liquid interface. If the particle is 
not influenced by the solid-liquid interface, then the balance of forces can be expressed as 
follows:   
 
Fω - Fη  =  Fnet                                                                               (1.9) 
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From equation (1.9) and for a particle that is not influenced by the solid-liquid interface and 
moves with constant velocity, the position of the particle at a time (t) is expressed by 
equation (1.5).   
 
Velhinho et al. (2003, p. 260) mention that the increase of the viscosity of liquid alloy during 
cooling opposes the centrifugal force and prevents the particles from moving across the 
section. The viscosity that influences the segregation of particles is not simply the intrinsic 
viscosity of the liquid alloy, but that viscosity which changes depending on the alloy fraction 
already solidified. 
 
The distribution of the particles in the matrix during centrifugation is influenced by several 
parameters (rotation speed, mold and pouring temperatures, size and volume fraction of 
particles, particles and matrix densities) and also by the change in the centrifugal radius and 
viscosity of the liquid metal during cooling. All these factors must be considered when 
predicting the motion of the particles and their distribution across the casting section. 
 
 
1.4.2        Viscosity 
 
Stefanescu et al. (1994, p. 250) express the viscosity of the metal-containing particles by the 
following equation: 
 
      )](05.10)(5.21[ 2 tVtVc ++= ηη                                        (1.10) 
 
Where:  
         η : viscosity of aluminum alloy, Pa.s; 
         V (t) : particle volume fraction as a function of time, %V. 
 
Lucas (technique de l’ingénieur, M66, 1984, p. 3) specifies that the viscosity of the liquid 
metal as a function of temperature can be determined by the Arrhenius relationship: 
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Where: 
        A : constant;    
        Tk : absolute temperature, K; 
        Q : activation energy of viscous flow, KJ.mol-1; 
        Rg : perfect gas constant, R = 8.31441,  J.K-1.mol-1; 
 
 
1.4.3        Effect of rotation speed and particles’ size and concentration 
 
While centrifugal casting a composite material (Al) reinforced by SiC particles (15%w, 
10μm), Bonollo et al. (2004, p. 50) show, using different rotation speeds (500, 1000, 1500 
rpm), that the speed of 500 rpm does not generate a high enough centrifugal force to ensure 
the segregation of particles on the external casting surface before solidification begins. The 
speed of 1500 rpm results in the formation of three different zones along the radial distance 
of the casting (Fig. 1.5): 
 
1. A free particle zone near the inner casting surface; 
2.   A particle graduate zone between the inner and outer surfaces; 
3.   A particle concentrated zone at the outer casting surface. 
 
The volume fraction of the particles has a significant effect on their distribution. The 
thickness of the section that does not contain particles decreases as the particle volume 
fraction increases, while the graded zone increases. Figure 1.6 shows the results of the effect 
of rotation speed and volume fraction of the particles on their positions across the section. It 
can be seen in this figure that the higher the rotation speed, the higher the particles’ 
segregation on the outer casting surface and the larger the particles’ free zone. 
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Figure 1.5  Influence of the rotation speed and volume fraction                                       
of the particles on their distribution. 
From Bonollo (2004, p. 50) 
 
32 rpm                             79 rpm                              201rpm 
 
Figure 1.6  Micrograph of particle distribution across the section                                     
as a function of rotation speed. 
From Watanabe (1998, p. 597) 
 
While studying the influence of the rotation speed on the distribution of graphite particles in 
a A356 aluminum graded composite produced by centrifugal casting (noting that the density 
of graphite 2.2 g/cm3 is smaller than that of liquid aluminum 2.4 g/cm3), Kang et al. (1994, p. 
251) show that the volume fraction of graphite particles on the inner casting surface increases 
SiC 15 %W  1000 rpm 
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by increasing the rotation speed. On the other hand, Raju and Mehrotra (2000, p. 1631) found 
that the particle-rich zone on the outer or inner casting surface increases with increased 
particle size, depending on the density difference between the matrix and the particles (Fig. 
1.7). In fact, during the movement of particles in a liquid, the centrifugal force and the force 
generated by the viscosity act in opposite directions. Both forces increase with increasing 
particle size, but the centrifugal force becomes much greater than that generated by the 
viscosity. Therefore, large particles move more quickly than small ones.  
 
 
a)      (ρp > ρl)                                                     b)     (ρl > ρp) 
 
Figure 1.7  Particles’ volume fraction across the section as a function of their size. 
From Raju (2000, p. 1631) 
 
 
1.4.4        Effect of temperature and solidification time 
 
Kang et al. (1994, p. 247) mention that the determination, during centrifugation, of the 
distribution of temperature and solidification time of the casting by experimental techniques 
is difficult to make with a mold rotating at very high speeds. These authors studied the 
temperature distribution inside a mold and a metal being solidified during the centrifugal 
casting of composite A356/Gr in order to show the influence of the initial pouring and mold 
temperatures on the temperature distribution in the mold and the composite during 
centrifugation (Fig. 1.8 a and b). 
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a) Effect of mold temperature on the 
      temperature distribution in the metal 
      and the mold during centrifugation. 
    b) Effect of pouring temperature on the 
         temperature distribution in the metal 
         and the mold during centrifugation. 
 
 
 
Figure 1.8  Temperature distribution in the mold and the metal during the 
centrifugation process. 
   From Kang (1994, p. 251) 
 
 
It can be seen (Fig 1.8 a) that, for a variation in the mold temperature of 200°C to 400°C, the 
temperature of the metal increases by increasing the initial mold temperature, except that the 
temperature on the inner casting surface remains constant as the solidification front advances 
from the outer to the inner surface. On the other hand, figure 1.8 b shows that, upon 
increasing the initial pouring temperature, the temperature reaches a higher value on the inner 
casting surface and drops gradually while advancing towards the outer surface. 
 
The high pouring temperature means that there is more heat to be evacuated before 
solidification begins. Therefore, the cooling time increases and the particles move for a 
 
Moule 
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longer time inside the matrix. On the other hand, increasing the mold temperature decreases 
heat transfer between the liquid metal and the mold, thereby increasing the cooling time and 
facilitating the segregation of the particles across the section. 
 
 
1.4.5        Theoretical and experimental results of the particles’ segregation 
 
 
 
 
Figure 1.9  Volume fraction of corundum particles obtained theoretically                    
and experimentally across the section. 
From Watanabe (1998, p. 600) 
 
According to the results of Watanabe et al. (1998, p. 597), during the centrifugal casting of a 
composite corundum/plaster, the volume fraction of the particles obtained experimentally 
across the casting section differs from that obtained theoretically (Fig. 1.9). It can be seen in 
this figure that the volume fraction of the particles obtained theoretically, on the outer casting 
surface, is quite higher than that obtained experimentally. This difference may be explained 
by the fact that the authors use, in modeling the particles’ segregation, Stokes’ law with 
constant centrifugal radius, temperature, and viscosity of liquid metal. This can increase the 
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distance displaced by the particles and their volume fraction on the outer surface for a given 
time of centrifugation. In fact, during cooling, the drop in temperature of the liquid metal 
increases its viscosity and the force opposing the centrifugal force, which slowed the 
particles’ velocities and decreases the distance they travel before the solidification begins. 
 
While studying the variation of the particles volume fraction in a SiC/A359 composite using 
Stokes’ law with a constant particle velocity, Kelestemure and Castro (2002) also found a 
difference between the experimental and theoretical results (Fig. 1.10). It can be seen on this 
figure that the particles’ volume fraction, obtained experimentally, is higher than that 
determined theoretically. Castro and Kelestemure (2002) explain these results by the fact that 
their model ignores superheating and the conditions of heat transfer on the mold wall. A 
cooling period of 10 seconds was used in the modeling. From these results we deduce the 
influence of superheat temperature, the time of superheat extraction, and the change in the 
particles’ velocity on the particles’ volume fraction. In fact, particle velocity is influenced by 
variations in the centrifugal radius and viscosity during particle displacement and the cooling 
process, respectively. The major movement of the particles occurs before the temperature 
falls below liquidus. When the temperature becomes lower than that of liquidus, 
solidification begins to block the movement of particles. The smaller particles continue to 
move at very short distances in the areas that remain liquid. The variation in the volume 
fraction of the particles, as a result of this displacement, is negligible. 
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Figure 1.10  Volume fraction of SiC particles obtained theoretically                             
and experimentally (dp = 12.8 ± 4.2 µm, fvin = 20 vol%). 
From Castro and Kelestemure (2002, p. 1816) 
 
The segregation of SiC particles and the influence of their initial volume fraction and size 
were studied by Lajoye and Suery (1988, p. 15–20), using Stokes’ law with constant 
viscosity and centrifugal radius, and applying the finite difference method for calculating 
heat transfer. These authors found a good agreement between the theoretical and 
experimental results obtained (Fig. 1.11). In contrast, the viscosity used by these authors 
(0.0025 Pa.s) is too high and does not match the initial pouring temperature. In addition, the 
time of superheat extraction has not been mentioned. However, the viscosity of the liquid 
metal and its variation with temperature combined with the change in centrifugal radius have 
a significant influence on the particles’ segregation, and they are strongly related to cooling 
time. A high liquid metal viscosity slows the movement of the particles and changes their 
volume fraction across the section. On the other hand, a short cooling time decreases the 
influence of the variation in viscosity and centrifugal radius on the particles’ segregation 
before they are blocked by the liquidus front. Thus, the change in the particles’ volume 
fraction on the outer casting surface as a result of the change in viscosity and centrifugal 
radius is negligible if the cooling time is very short. 
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Figure 1.11  Volume fraction of particles across the section                                            
as a function of their size. 
From Lajoye (1988, p. 19) 
 
Using the same material (Al/SiC) and the same experimental conditions as Lajoye and Suery 
(1987), but taking into account the repulsive force, Panda et al. (2006) found a good 
agreement of their results with those of Lajoye (Fig. 1.12). However, comparing the two 
curves of the particles’ volume fraction corresponding to the results of Lajoye and Panda, we 
can see that the free particle zone, in the case of Panda, is greater than that found by Lajoye; 
whereas, according to the modeling of Panda, this zone is supposed to be smaller if a 
repulsive force is taken into account. We explain this difference in the results by the fact that 
the viscosities used by these authors are different. In the work of Lajoye and Suery (1987), 
the viscosity used is 0.0025 Pa.s., while that one used by Panda et al. (2006) is 0.002 Pa.s. 
Thus, it can be deduced that the fact that Panda has used a viscosity smaller than the one used 
by Lajoye is the origin of this difference in results. In fact, the particle velocity becomes 
greater if the viscosity used is smaller. Therefore, the particles move to a larger distance and 
the particles’ free zone becomes larger. This indicates the importance of viscosity on the 
segregation of particles. However, in comparing the results of Lajoye and Panda, it can be 
seen that the repulsive force does not have a great influence on the particles’ volume fraction, 
especially on the outer casting surface. 
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Figure 1.12  Volume fraction of particles as a function of their size. 
From Panda (2006, p. 1686) 
 
 
1.4.6        Properties of reinforcement particles and wear resistance 
 
Table 1.1 shows the classification of reinforcement particles according to their size and 
hardness. 
 
Table 1.1  Classification of reinforcement particles for MMCP 
(From Villar, 1996) 
 
 
Source: This table was taken from ‘ technique de l’ingénieur’: Élaboration des composites à particules,                     
vol. M2448, p. 1–17. 
 
The fine particles with a diameter varying between 5 and 15 microns improve friction, while 
those with a diameter greater than 50 microns increase resistance to abrasion. Fine, hard 
Particles  Fine Large 
Low hardness 
MoS2, graphite, talc 
I II 
High hardness 
SiC, SiO2, Al2O3, B4C 
III IV 
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particles of class III (Table 1.1) that vary in diameter from 5 to 15 μm can be used to improve 
the resistance of parts subjected to friction. 
 
Table I.1 (Appendix I) gives the general properties of the most-often used ceramics for the 
reinforcement of metals. However, these properties can vary depending on the manufacturing 
processes used. In general, the MMCP with coarse particles are very difficult to machine, 
especially when the particles are hard. 
 
According to Scheed et al. (1997, p. 164), the wear rate of MMCP is related to the particle 
volume fraction and size. Whether the sliding speed is small or large, the minimum wear rate 
occurs with a volume fraction of particles of 10 %V. This result was obtained for a large 
particle size (120 μm). 
 
Scheed et al. (1997, p. 164) indicate that when the volume fraction of particles is small (less 
than 10% V), wear occurs primarily by adhesion, whereas when the volume fraction of 
particles is higher than 10 %V, a solid lubrication mechanism occurs on the surface of 
contact between the two parts that are subject to friction, and the wear rate reaches its 
minimum value. On the other hand, the wear rate increases with decreasing particle size. 
When the particles are of large sizes, the mechanism of wear is slightly different; wear occurs 
by solid lubrication, and the wear resistance is higher. 
 
 
1.4.7        Wettability of the particles 
 
The process of metal matrix composites elaboration involves firstly the introduction of the 
particles in the matrix without the air being trapped. According to Cornie et al. (1990, p. 63), 
this insertion process is known as the wettability of particle-matrix and the surface energy 
controlling the wettability.  
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Figure 1.13  Liquid droplet on a solid substrate. 
 
The wettability is expressed conventionally in terms of contact angle (θ) of a droplet of a 
liquid metal that is on a solid substrate (Fig. 1.13). 
 
The particle wettability is good when the contact angle θ ≤ π/2, and it occurs spontaneously 
when θ = 0. The contact angle is the result of the tension balance among three interfaces: 
solid/liquid (γSL), liquid/vapor (γLV), and solid/vapor (γSV). These quantities are related by the 
relationship of Young: 
 
γLV  • cos θ  = γSV – γSL                                                     (1.12) 
 
It can be deduced from equation 1.12 that, to have good wettability (θ ≤ 90º), it is necessary 
that the solid surface energy be greater than or equal to the energy of the solid-liquid 
interface (γSL ≤ γSV). On the other hand, to have a spontaneous wetting, it is necessary that 
the contact angle be equal to zero, which means that the surface energy of the solid minus the 
energy of the solid-liquid interface must be equal to the liquid surface energy          
(γLV = γSV – γSL).  
 
The thermodynamic work of adhesion between a solid and a liquid drop is expressed by 
Dupre’s equation as follows: 
  
W = γLV  + γSV – γSL       (J/m2)                                        (1.13) 
Liquid 
 Gas 
Solid 
  γSV 
 γLV 
γSL 
  θ 
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Substituting equation (1.12) for equation (1.13), the work of adhesion can be obtained as 
follows:  
 
W = γLV (1+cos θ)                                                       (1.14)                  
 
This work can be expressed in terms of force by multiplying it by the perimeter of the liquid 
drop. Thus, we express the adhesion force between the liquid drop and the solid as follows:  
 
Ft = γlv (1+cos θ ) ⋅ 2π rp                                            (1.15) 
 
Where: 
       Ft : force of surface tension, N; γlv : superficial tension of the liquid/vapor interface,        
       N/mm; rp : particle radius, mm; θ : contact angle, deg. 
 
The immersion of a spherical particle in a liquid can be schematized in Figure 1.14:   
 
 
 
 
 
 
 
 
Figure 1.14  A spherical particle partially immersed in a liquid.  
From Kaptay (1996, p. 461) 
 
 
According to Kaptay (1996, p. 461), the interface energy of the system (Fig. 1.14) can be 
interpreted as follows:  
 
x 
Vapour Particle 
rp 
Liquid 
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x < 0 :                                PVpLVp
x
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x > 2 rp                               PLpLVp
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int 4+=
>                                        (1.18) 
 
 
Where: 
        Ginterface : interfacial energy, N·mm; 
         P, L, V : particle, liquid, and vapor, respectively. 
 
The interfacial force (Finter) acting on the particle can be expressed as follows: 
 
( )erer Gdx
dF intint =                                                     (1.19) 
 
Thus, if we make the derivative of the interface energy versus the distance of immersion (x) 
of the particle we find:  
 
Finter  = 0,   for  x < 0 (The particle is completely out of the liquid) 
Finter  = 0,   for  x > 2rp (The particle is completely immersed in the liquid) 
 
By definition, the interfacial force is the change of the interfacial energy while the particle 
moves into the liquid. Since the interfacial energy in Eq 1.18 (particle inside the liquid) is 
constant, the interfacial force is zero. Thus, we can conclude that when the particles are 
incorporated into the liquid metal through mechanical mixing, and they are completely 
immersed in the metal, there won’t be any interfacial force opposing the centrifugal force. 
Therefore, when the particle is inside the liquid, the centrifugal force is not affected by the 
interface energy particle/liquid. In contrast, if the particles are not completely immersed in 
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the liquid and they are not perfectly wettable, in this case, it adds, to the forces opposed to 
the centrifugal force, a force of liquid surface tension. This force depends on the contact 
angle (θ). When the contact angle is zero, the wettability of the particle is spontaneous and 
the force of surface tension is zero. 
 
In the case where the particle is not completely immersed in the liquid (0 ≤ x ≤ 2rP), Kaptay 
(1996, p. 462) shows that the interfacial force acting on the particle is given by the following 
equation: 
 
( ) ]1cos[2int xθrπγF pLVer −+−=                                         (1.20) 
 
From this equation we can show that when the particle is completely immersed in the liquid 
(x = 2rP, cos θ = 1), the interfacial force acting on the particle becomes zero: 
 
( ) 0].211[2int =−+−= ppLVer rrF πγ                                   (1.21) 
 
 
1.4.8        Influence of alloy type and characteristics 
 
The matrix and heat treatment are both important for the mechanical properties of the 
composite and for the ease of the particles’ incorporation. For example, according to Lloyd 
(1989, p. 162), the formation of carbides decreases the fluidity and thus makes it more 
difficult for the material to flow. 
 
Villar and Masounave (technique de l’ingénieur, M 2448, 1996, p. 9) indicate that the 
wrought alloys (extrusion, forging, etc.) with low concentrations of silicon, like the 6061 
alloy, are used primarily with alumina particles (Al2O3)—rather than silicon carbide particles 
(SiC)—in order to prevent the formation of aluminum carbide Al4C3. Casting aluminum 
alloys, on the other hand, are often used with SiC particles. The high concentration of silicon 
in the matrix slows the formation of Al4C3 even at high temperatures, and it provides good 
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flow ability. In addition, Villar and Masounave indicate that if the temperature is too high, a 
number of reactions between the particles and the metal can occur. These chemical reactions 
may be favorable or not, as explained in the following text. 
 
4 Al +3 SiC ⇔ Al4C3+3 Si                                              (1.22) 
 
The formation of aluminum carbide is not favorable. It forms on the particles and is soluble 
in water; therefore, it weakens the bond with the matrix. Furthermore, the formation of this 
carbide seriously degrades the fluidity, resistance to corrosion, and mechanical properties. To 
limit the carbide’s formation, the Si content must be high enough. Generally, for a 
concentration of Si higher than 7% and for temperatures below 750 °C, the formation of this 
carbide is very limited. On the other hand, two types of interface reactions can occur with 
alumina particles: 
 
3 Mg +Al2O3 ⇔ 2 Al + 3 MgO                                          (1.23) 
 
3 Mg + 4 Al2O3 ⇔ 2 Al + 3 MgAl2O4 (spinel)                            (1.24) 
 
These reactions are possible with small amounts of Mg (less than 1% by mass, depending on 
temperature). The first reaction is particularly favored at high levels of magnesium. The 
presence of a layer of spinel is not always detrimental to mechanical properties. In the case of 
alumina particles, the formation of spinel (MgAl2O4) does not affect the characteristic of 
toughness. 
 
 
1.5            Problem 
 
During gravity casting, centrifugal casting, or squeeze casting of materials, a 
macrosegregation of phases may occur through the matrix under the influence of 
solidification fronts advancing from opposite sides. Solidification fronts advancing through 
the section push the last liquid to fill the area of shrinkage and thermal contraction near the 
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final solidification point where the two solidification fronts meet, causing an increase in the 
concentration of the eutectic in this area of the section. The macrosegregation of the last 
liquid (eutectic) and the change in its concentration across the section affect the mechanical 
and physical properties of the casting and produce areas of weakness where the toughness is 
low and the ductility is small. Moreover, the macrosegregation phenomenon depends on the 
initial pouring and mold temperatures, on the speed of solidification, and on the alloy 
composition and process parameters (rotation speed and thickness of the part section). The 
reduction of macrosegregation, using the process parameters, is limited. The lower initial 
pouring and mold temperatures decreases the solidification time and the rate of variation of 
macrosegregation, but may cause a defective and poorly formed surface, especially when the 
rotation speed is low. A subsequent heat treatment of the castings does not lead to the 
reduction of macrosegregation. Macrosegregation can affect the effectiveness of the heat 
treatment process on microstructure and properties of the castings. Moreover, the 
macrosegregation of phases can also occur during the casting of metal matrix composites, 
affecting the microstructure and the distribution of phases. 
 
Very few are the studies that have examined the macrosegregation of phases and changes in 
the concentration of the eutectic that occurs across the casting section during solidification. 
Most studies have examined, during centrifugal casting, the macrosegregation of alloying 
elements such as aluminum and the influence of alloying additions on the microstructure.  
 
In addition, in our research, we intended to produce a graded metal matrix composite 
reinforced by hard and wear-resistant ceramic particles. This composite must have varied and 
specific mechanical properties and high wear resistance, while having a lower weight 
compared to the parts used traditionally to resist friction. The difficulty on producing such 
parts and the need for particle-reinforced graded composites at the critical points of the 
section pushed us to use centrifugal casting technology. Centrifugal acceleration allows 
controlling the distribution and the degree of particle graduation at the desired locations of 
the section where the load and the stress are critical and high. 
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The casting of a graduated composite by centrifugation requires a good control of 
experimental parameters (rotation speed, mold and pouring temperatures, and cooling rate). 
Controlling the cooling rate, the change of viscosity with temperature, and the variation of 
centrifugal radius with the displacement of particles influences the graduation degree of the 
latter and may limit or increase their segregation to the outer/inner casting surface, 
simultaneously affecting the mechanical properties and wear resistance of the composite.  
 
According to Stokes’ law, which expresses the velocity of a solid particle in a liquid, the 
particle moves with a constant velocity and zero acceleration. The traditional models for 
particles’ segregation, using Stokes’ law, do not take into account the variation in the particle 
velocity due to the change in the liquid metal viscosity during the cooling process. In fact, the 
viscosity of the liquid metal changes during cooling according to the initial pouring and mold 
temperatures. On the other hand, the centrifugal radius is not constant over time. The 
combination and the competition between the variations of the centrifugal radius and 
viscosity of liquid metal through the matrix generates an acceleration/deceleration of the 
particles. This can affect the particles’ displacement and segregation and change their 
concentration on the inner/outer casting surface and across the section. 
 
Most studies found in literature on centrifugal casting of graduated composites were done 
using viscosity and centrifugal radius as constants. Some authors, such as Forster et al. (2003, 
p. 1217), have assumed that viscosity remains constant during the segregation of particles, 
which is not the case in practice. Others, as Lajoye and Suery (1988, p. 16), indicated that the 
increase in viscosity during cooling affects the segregation of the particles, although their 
studies were conducted with constant viscosity. Moreover, the viscosities used by different 
authors do not match the initial temperature of the molten metal. For example, Lajoye and 
Suery (1988) use a high viscosity of 0.0025 Pa.s; whereas, for the same parameters and 
experimental conditions, the viscosity used by Panda et al. (2006) is 0.002 Pa.s.  
 
For reasons mentioned in the paragraph above, it comes that the phenomenon of phase 
macrosegregation will be of special interest in our research. The macrosegregation of the 
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interdendritic liquid and the microstructure will be studied and analyzed. In addition, 
modeling of the speeds of solidification fronts and of the zone of maximum eutectic 
macrosegregation through the matrix will be performed. This will permit us to analyze, 
taking into account the initial pouring and mold temperatures, the influence of solidification 
rate and speeds of solidification fronts on the microstructures, eutectic macrosegregation, and 
the last point of solidification across the section. In addition, a recommendation to reduce and 
drive away the zone of maximum macrosegregation from the critical surface of the part will 
be established to reduce the risk of failure produced by low toughness and ductility in the 
area of macrosegregation. 
 
In our research, the macrosegregation of phases is studied and modeled during the centrifugal 
casting of hypereutectic ZA8 zinc-aluminum alloy. The microstructure of the alloy, which 
contains a high eutectic concentration, permits us to better identify and model the segregation 
of phases during solidification. On the other hand, to better control – during centrifugation – 
the volume fraction and the degree of the particles’ graduation across the section, we model 
the segregation of particles while discretizing Stokes’ law in time to reflect the influence of 
the change in pouring viscosity combined with the variation in centrifugal radius, on the 
segregation of particles. The variation of the particles’ volume fraction on the inner/outer 
casting surface and across the section can lead to a change in the composites’ properties. 
 
 
1.6            Methodology 
 
The methodology of the research is summarized as follows: 
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Project 
 
Centrifugal Casting of ZA8 Zinc Alloy and A356/SiC composite: 
Study and Modeling of Phases’and Particles’ Segregation. 
Underlying problem 
 
Modeling of cooling rate 
and particles’ segregation 
using variables viscosity 
and centrifugal radius 
 
Underlying problem 
 
Modeling and control of 
solidification fronts and 
macrosegregation of 
phases 
Data 
 
• Type of particles 
• Type of alloys 
• Pouring and mold temperatures 
• Pouring viscosity 
• Metal density 
• Particle density 
• Rotation speed 
• Particle diameter 
• Centrifugal radius 
• Particle volume fraction 
• Alloy composition 
  a 
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(Composite, A356/SiC) 
 
Pouring temperature                 
(from 650°C to 700ºC). 
Mold temperature                  
(from 30 °C to 400 ºC). 
  
(Zinc, ZA8) 
 
Pouring temperature               
(from 625°C to 675ºC). 
Mold temperature                 
(from 30 °C to 300 ºC). 
Procedures 
 
(Centrifugation of composite, 
A356/SiC) 
 
- Modeling of the cooling rate and 
temperature variation across the 
section; 
 
- Modeling of the particle velocity and 
acceleration; 
 
- Modeling of the particle 
displacement; 
 
- Modeling of the particle segregation 
across the casting section; 
 
- Perform the experiments; 
 
- Conduct an analysis of the 
distribution and concentration of the 
particles through the casting section 
using optical and electron 
microscopes (SEM); 
 
- Validate the developed models. 
Procedures 
 
(Centrifugation of ZA8) 
 
- Modeling of the solidification 
speed and variation of temperature 
across the casting section; 
 
- Modeling of the speeds of 
solidification fronts; 
 
- Modeling of the zone of maximal 
eutectic macrosegregation; 
 
- Perform the experiments; 
 
- Conduct an analysis of the 
microstructure using optical and 
electron microscopes (SEM); 
 
- Validate the model; 
 
- Establish a recommendation to 
reduce and control the zone of 
macrosegregation. 
Variable data 
  
   a 
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1.7            Conclusions 
 
The analysis of the research conducted by various authors allows us to conclude the 
following:  
 
• During centrifugal casting, macrosegregation of alloying elements and phases can be 
generated through the matrix, which changes the morphology and uniformity of the 
microstructure and affects the properties of the casting. The macrosegregation of the 
eutectic has been studied very little. The eutectic forms a brittle phase that moves across 
the section, depending on experimental conditions, solidification rate, and solidification 
fronts, changing the concentration of phases and affecting their distribution. This pushes 
us to model the speeds of solidification fronts and eutectic macrosegregation through the 
matrix in order to limit and control the zone of maximum macrosegregation of the last 
liquid. This will permit to improve the quality of the part and increase its strength, 
toughness, and reliability in service. 
 
• In order to model the segregation of the particles during centrifugal casting of MMCP, 
Stokes’ law has been used by different authors with a constant particle velocity. 
Modeling the segregation of particles by most authors does not take into account the 
increase of viscosity of the liquid metal with a drop in temperature, or the variation of 
the centrifugal radius with the displacement of the particles. This incentivizes us to 
discretize the velocity of the particles over time using Stokes’ law. This discretization 
reflects the impact of the change in the particles’ velocity and acceleration on their 
segregation and volume fraction across the casting section.  
   
• The distribution of the particles along the radial direction of the part section varies 
depending on the variation of the rotation speed, particle size and concentration, and 
cooling time. The distribution of the particles is controlled by the cooling time 
combined with the experimental conditions and parameters, while the homogeneity of 
the casting surface is controlled mainly by the rotational and solidification speeds. 
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• The wear rate of MMCP is related to the particle volume fraction and size. The wear rate 
increases with decreasing particle size. On the other hand, when the particles are of 
large sizes, the minimum wear rate occurs with a volume fraction of particles of 10 %V.  
 
• The low wettability of the particles affects their incorporation in the liquid matrix and 
can cause their agglomeration, affecting – at the same time – their distribution. For 
particles completely immersed in the liquid metal, the interfacial energy is constant and 
the interfacial force, particle-to-liquid, is zero. In contrast, if the particles are not 
completely immersed in the liquid metal and have a low wettability, in this case it adds 
to the forces opposed to the centrifugal force a force of liquid surface tension. This force 
depends on the contact angle (θ). When the particles are incorporated into the matrix 
through mechanical mixing, the interfacial force between the particle and the liquid is 
assumed to be zero. 
 
 CHAPTER 2 
 
MODELING OF EUTECTIC MACROSEGREGATION IN 
CENTRIFUGAL CASTING OF THIN WALLED ZA8 ZINC ALLOY 
 
 
2.1            Introduction 
 
In addition to their excellent physical and mechanical properties, zinc alloys such as ZA4, 
ZA8, ZA12, and ZA27 are characterized by good corrosion resistance and excellent damping 
properties, which increases exponentially with temperature. Moreover, due to their high 
mechanical properties and low cost, zinc alloys can be used to replace iron and copper alloys 
found in many structural applications.   
 
Several authors have studied the solidification of Zn-Al alloys and other different alloys to 
predict the influence of the solidification variables on the microstructure and mechanical 
properties. Quaresma et al. (2000) used an analytical heat transfer model for determining 
expressions for the temperature gradient and solidification rate during a unidirectional 
unsteady-state solidification of binary alloys. The model was an extension of the one 
developed earlier by Garcia and Prates (1978). Quaresma et al. (2000) reported that during 
the solidification of Al-Cu alloys, the interdendritic liquid more effectively feeds the 
solidification contraction for alloys having a longer mushy zone, thus leading to an increase 
in the tip growth rate (VL). VL and the cooling rate decreases with the increase in the position 
from the metal/mold interface while the primary-and-secondary dendrite arm spacing 
increase. Osorio and Garcia (2001) used this model for determining an expression for the 
local solidification time (tSL). By using tSL in the formulae derived by Kirkwood (1985), 
which determines the secondary dendrite arm spacing (SDAS) as a function of tSL, Osorio 
and Garcia (2001) found that the SDAS in Zn-Al alloy increases with the increase of tSL. 
Furthermore, Ares et al. (2007) reported that during the directional solidification of Zn-Al 
alloys, a transition zone where equiaxed grains co-exist with columnar grains might form in 
the casting section. The position of the transition zone depends of several parameters such as 
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cooling rate, solidification time, temperature gradients, velocity of liquidus and solidus 
fronts, and recalescence. In addition, it was reported by Ares and Schvezov (2007) that the 
size of equiaxed grains increases with the increase in solidification time.  
 
During casting, a macrosegregation of alloying elements, solid fragments, and growing 
crystals may occur in the produced part under the influence of their differences in density 
relative to the liquid density. Furthermore, macrosegregation may be manifested as the 
segregation of phases within the mushy zone. The physical displacement of phases leads to 
macrosegregation. This displacement is produced by the movement of liquid in the liquid–
solid zone due to thermal contraction, solidification shrinkage, and density difference in the 
interdendritic liquid (Flemings, 1974). 
 
According to Nadella et al. (2008), the relative movement between the solid and liquid 
phases and the solute rejection by the solid phase are the two essential conditions for 
macrosegregation. Macrosegregation may either be normal or inverse segregation. 
Macrosegregation is called normal segregation when the liquid enriched in the solute is 
pushed towards the hotter part or to the center of the casting under the influence of the 
solidification front. Convection or shrinkage-driven flow is the driving force behind this 
transport of the liquid phase. In contrast, macrosegregation is called inverse segregation 
when the peripheries of the casting are enriched in the solute. In this case, macrosegregation 
occurs by the displacement of the enriched solute liquid towards the casting peripheries. 
Nadella et al. (2008) mentioned in accordance with the analysis of Gulliver (1920) and Bauer 
and Arndt (1921), that inverse segregation is driven by interdendritic feeding when the 
liquid, which is driven by capillary forces, moves in a direction opposite that of the 
solidification front. Therefore, it is assumed that normal segregation occurs in equiaxed 
structures while inverse segregation occurs in a columnar structure because the latter 
provides interdendritic channels. Nadella et al. (2008) also report that according to Voronov 
(1929), the increase in the cooling rate increases the degree of inverse segregation. 
Furthermore, it was found by Chakrabarti (1996) that the density difference between the 
alloying elements may produce a transverse and axial segregation. 
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During the centrifugal casting of zinc-aluminum alloys, phases may undergo 
macrosegregation through the casting section. The properties of this macrosegregation 
depends on the initial pouring and mold temperatures, the cooling rate, the composition of 
the alloy, the solidification fronts, and the experimental conditions. The macrosegregation of 
the phases during centrifugation can cause a change in the eutectic and primary phase 
concentration throughout the section of the casting. Only limited success can be achieved in 
reducing macrosegregation using process parameters. The reduction in the initial pouring and 
mold temperatures reduces the solidification time and the rate of macrosegregation, but can 
cause a defective and poorly shaped surface. On the other hand, subsequently heating the 
produced part does not reduce macrosegregation.  
 
G. Chen et al. (1999) studied the macrosegregation of aluminum in the zinc alloy ZA27, 
produced by centrifugation and showed that longer pouring times and lower the initial 
pouring temperatures reduces macrosegregation in aluminum. They also found that adding 
manganese (Mn) to the alloy dramatically reduces macrosegregation.  
 
Very few studies have examined the macrosegregation of phases and the variation of the 
concentration that occurs in the eutectic through the casting section during solidification. 
This work aims to study the phase macrosegregation that can occur during the centrifugal 
casting of the ZA8 zinc alloy. It will allow one to analyze, based on the initial mold and 
pouring temperature, the influence of the cooling rate and solidification fronts on the 
microstructures and the macrosegregation of the eutectic through the section; the influence of 
the final solidification point on the maximum eutectic concentration zone and its variation 
across the section. From the experiments and theoretical analysis of this study, the zone 
through the section with the maximum concentration of eutectic was modeled. 
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2.2            Experimental procedures 
 
Figure 2.1 presents the centrifugation system. 
 
 
 
Figure 2. 1  Schematic representation of the centrifugal casting system. 
 
A vertical centrifugation machine was used in these experiments. The alloy used was ZA8, 
containing 8.2% wt to 8.8% wt of aluminum as a main alloy component. An ordinary steel 
mold, 5 mm thick and 32 mm in diameter, was used together with a 100-micron thick 
hematite coating (Fe2O3). The dimensions of the mold and the casting, as well as the 
parameters used and the composition of the alloy are presented in Table 2.1. 
 
 
Mold Ambiant 
  Pouring 
    Motor 
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Table 2.1  Parameters used, composition of ZA8 and dimensions of mold and casting 
 
Rotation speed, 
rpm 
Initial mold temperature, 
K 
Initial pouring temperature,  
K 
 
650 
 
303, 373, 473, 573 
 
698, 723, 748 
 
Composition % ZA8 
 
Additions Impurities 
Al Cu Mg Zn Fe max Pb max Cd max Sn max 
8.2-8.8 0.8-1.3 0.02-0.030 bal 0.065 0.005 0.005 0.002 
 
Dimensions of the casting 
 
Length, 
mm 
Thickness,
Mm 
Mass, 
kg 
External radius, 
mm 
Internal radius,
mm 
62 3 0.232 32 29 
 
Dimensions of the mold 
 
Length, 
mm 
Thickness,  
mm 
External radius, 
mm 
Internal radius, 
mm 
Length, 
mm 
62 5 37 32 62 
 
Different mold and pouring temperatures were chosen in order to analyse the variation of the 
temperature and cooling rate on the obtained results. The temperature of pouring didn’t 
exceed 748 K in order to avoid the oxidation of the liquid metal at high temperature.  
 
The samples used for microscopic analysis were etched with a reagent composed of a 
mixture of 5 mL of HNO3 and 100 mL of H2O. The microstructure of ZA8 was analyzed 
using optical and electron microscopes.  
 
To measure the concentration of the eutectic and the primary phase, photos of the 
microstructure were obtained with an optical microscope along the radial direction of the 
section. Each photo represented a distance of 315 microns from the inner surface of the 
casting. The photos were printed, and the regions of the eutectic cut and separated from the 
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primary phase. The phases of the eutectic and the primary β were weighed together, and then 
separately. Then the concentration of the phases was calculated as the ratio between each 
phase and the whole microstructure, as follows: 
 
%1000 ×== Ai
T
Ai
Pn
i
Ai
p m
mC
                         (2.1) 
 
where 
n
i
Ai
pC 0=  is the mass concentration of the required phase in an area Ai , 
Ai
Pm is the 
mass of the required phase in an area Ai,, and 
Ai
Tm is the total mass of all phases in an area Ai . 
 
 
2.3            Analysis 
 
2.3.1         Solidification  
 
The heat transfer mechanism produced between the metal and the mold is transient in nature. 
It occurs by conduction between the mold and the metal and by forced convection by air and 
thermal radiation. The cooling rate and the temperature variation across the casting and mold 
sections were modeled through the implicit finite-difference formulation using FLUENT for 
a transient unsteady state of solidification. The modeling was conducted using Cartesian 
coordinates due to the small thickness of the part compared to its diameter (3mm/64mm). 
 
An enthalpy-porosity technique was used in FLUENT for modeling the solidification/melting 
process. In this technique, the liquid fraction was computed at each iteration based on an 
enthalpy balance. The model accounted for the variation of the mold/metal heat transfer 
coefficient and the contact resistance, and the air gap formed between the mold and the metal 
due to the contraction of the latter during the solidification process. This calculation was 
done using an additional heat transfer resistance mold/metal, with a liquid fraction of less 
than 1.  
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The physical and thermophysical properties and the coefficients of heat transfer (mold/air 
and metal/air) are represented in Tables 2.2 and 2.3. The heat transfer coefficients were 
calculated based on Poirier D. & Poirier E., 1991 (Appendix III). 
 
Table 2.2  Physical and thermophysical properties of ZA8                                               
and steel mold used in the modeling 
 
Thermophysical and physical 
properties 
Mold   
(steel)  
Casting 
(ZA8) 
Density, ρ (kg/m3) 7800 6300 
Viscosity (Kg/m.s) ------- 0.003 
Thermal conductivity, k (W·m-1·K-1) 42.2 115 
Specific heat capacity, C (J· kg-1· K-1) 473 435 
Heat of fusion, Hf, (J/kg) ------- 112 · 103 
Liquidus temperature, TL, (K) ------- 677 
Solidus temperature,  Ts, (K) ------- 648 
 
Table 2.3  Metal/air and mold/air heat transfer coefficients used in the modeling 
 
Total heat transfer coefficients metal/air (convection + radiation)  
 
Tmetal, K  h total, metal/air  
W· m-2 · K-1 
 
 
Rot. speed : 650 rpm 698 104.06 
723 104.21 
748 104.40 
Total heat transfer coefficients mold/air (convection + radiation) 
 
Tmold, K h total, mold/air  
W· m-2 · K-1 
 
 
Rot. speed : 650 rpm 
 
303 82.84 
373 84.00 
473 84.37 
573 86.12 
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2.4           Modeling and results  
 
2.4.1        Temperature, cooling rate, and speed of solidification front  
 
We express the variation in the cooling rate with time and position through the casting section 
by the following equation: 
 
is
R
tmpn
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TT
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=
=                                                    (2.2) 
 
where j
i
R
tc
V ,  is the cooling rate for a given time and position (K/s), 
Rj
timT ,   is the metal 
temperature for a given time and position (K), Tp is the temperature of a superheated metal 
(K), and ts,i is the solidification time (s), with i=1,2 from the inner and outer casting surfaces, 
respectively. 
 
450
500
550
600
650
700
750
0 1 2 3 4 5 6 7 8
Distance from the inner casting face (mm)
T
em
pe
ra
tu
re
 (K
)
t = 0.0 s
t = 0.1 s
t = 0.5 s
t = 5.0 s
t = 21 s
 
    
Figure 2. 2  Variation of the temperature as a function of time and position          
through the mold and metal sections (Tmetal, in = 723 K, Tmold, in = 473 K). 
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Figure 2. 3 Variation of the cooling rate as a function of time and position            
through the casting section (Tmetal, in = 723 K, Tmold, in = 473 K). 
 
The variation in the temperature and cooling rate as a function of time and position through 
the section is presented in Figs. 2.2 and 2.3 for a given initial pouring and mold temperatures. 
It can be seen (Fig. 2.2) that at the beginning of the cooling, the temperature of the metal 
decreases quickly with time, and the temperature variation becomes smaller during the 
solidification. This behavior is attributable to the heat that escapes rapidly at the beginning of 
cooling. Moreover, during solidification, and with the formation of primary solidification 
crystals, the heat transferred by internal conduction decreases, which in turn also decreases 
the variation in temperature and cooling rate as a function of time (Figs. 2.2 and 2.3). 
 
The changes in the cooling rate, as a function of experimental conditions and initial pouring 
and mold temperatures, influences the macrosegregation caused advancing solidification 
fronts from the inner and outer casting surfaces, and the zones of thermal contraction 
generated across the section. During the solidification, two solidification fronts move through 
the section in opposite directions; the first, produced by conduction, advances from the mold 
side toward the inner surface of the casting, while the second, produced by forced convection 
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and radiation, advances from the inner casting surface toward the outer surface. The two 
solidification fronts meet at a point in the section determined by the speed of each front. This 
point will be the final point of solidification, which contributes due to thermal contraction 
and solidification shrinkage to the macrosegregation of the interdendritic liquid, and changes 
its concentration through the section. 
 
We express the average speed of the solidification fronts from the inner and outer casting 
surfaces as follows: 
sp
icfs
iifs TT
Vd
v
−
⋅
=
=
,2
1,                                                     (2.3) 
 
where vsf,i is the average speed of the solidification front (mm/s), with i=1,2 from the inner 
and outer casting surfaces, respectively; dfs is the distance displaced by the solidification 
front (mm), Vc is the average cooling rate (K/s), and Ts is the solidus temperature (K). 
           
Figs. 2.4 and 2.5 show the average speed of the solidification fronts and the average cooling 
rate from the inner and outer casting surfaces with different initial pouring and mold 
temperatures. It can be seen (Figs. 2.4 and 2.5) that in general, and according to the initial 
pouring and mold temperatures, the cooling rate and the speed of solidification front are 
higher when heat transfer is dominated by conduction between the mold and the casting than 
when it is dominated by forced convection and radiation between the casting and the 
ambient. Thus, the cooling rate and the speed of solidification front are higher while moving 
from the outer casting surface toward the inner one than when moving in opposite directions. 
As the mold/metal heat transfer occurs by conduction, the heat exchange and the rate of 
cooling increases and the solidification time decreases. 
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Figure 2. 4  Average speeds of solidification fronts advancing from the inner              
and outer casting surfaces for different initial pouring and mold temperatures:                 
(a) Tmold = 373 K, ts,1 = 81 s, ts,2 = 19 s,  (b) Tmold = 473 K, ts,1 = 85 s, ts,2 = 40 s,                
(c) Tmold = 573 K, ts,1 = 90 s, ts,2 = 100 s,  (d) Tmold = 303 K, ts,1 = 90 s, ts,2 = 16 s. 
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Figure 2. 5  Average cooling rate for different initial pouring                                          
and mold temperatures from the inner and outer casting surfaces:                                    
(a) Tmold = 373 K,  (b) Tmold = 473 K,  (c) Tmold = 573 K,  (d) Tmold = 303 K. 
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Figure 2. 6  Average cooling rate for the different initial pouring                                   
and mold temperatures, simultaneously considering the cooling                                    
from the inner and outer casting surfaces:                                                          
(a) Tmold = 373 K,  (b) Tmold = 473 K,  (c) Tmold = 573 K,  (d) Tmold = 303 K. 
 
The cooling rate of the casting is influenced by the initial mold and pouring temperatures, 
and low and high temperatures can influence the cooling rate in different ways (Fig. 2.6). It 
can be seen in Fig. 2.6 that higher initial pouring and mold temperature lowers the cooling 
rate, while simultaneously considering the cooling from the inner and outer casting surfaces. 
The changes in the cooling rate will influence the macrosegregation. This is analyzed by 
examining the experimental results and the change in the eutectic concentration across the 
casting section. 
 
 
2.4.2        Zone of the final solidification point   
 
The zone of the final solidification point is the zone across the casting section where the two 
solidification fronts advancing from opposite sides intersect. During the solidification 
process, the flowing interdendritic liquid tends to fill shrinkage zones close to the final point 
of solidification. From Fig. 2.7, we express the zone of the final solidification point by 
 (a)  (b) 
   (c) 
(d) 
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determining the distance traversed by each solidification front from the inner and outer 
casting surfaces when they intersect at a given position, as follows: 
 
fsfsfs dvtvt =⋅+⋅ 2,1,                                                 (2.4) 
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By replacing Eq. (2.7) in Eq. (2.5) and deducing S, an equation that expresses the zone of the 
final solidification point through the casting section can be deduced: 
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where  
2
1, =iifs
S  is the distance traversed by each solidification front (i = 1, i = 2 correspond 
to the solidification fronts advancing from the inner and outer casting surfaces, respectively), 
Zfsp  is the zone of the final solidification point, dfs is the initial distance separating the two 
solidification fronts, vfs is the speed of solidification front. 
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Fig. 2.7 shows the part and the mold sections and the parameters used in Eq. (2.8). 
 
 
 
Figure 2. 7  Schematic representation of mold and casting sections                                 
and parameters used in Eq. (2.8). 
 
 
Equation 2.8 allows the determination of the zone in which both solidification fronts intersect 
through the section. This zone will be the site of a segregation that influences the 
concentration of the eutectic and the primary phase as compared to the whole section. 
Furthermore, this zone will be the weakest throughout the section, because of the decreased 
toughness and ductility as the interdendritic liquid concentration in this area increases. 
 
 
2.4.3        Concentration of phases through the section 
 
Figures 2.8, 2.9, 2.10, and 2.11 show the mass percentage of the eutectic (α + η) and the 
primary phase (β) surrounded by zinc-rich haloes as a function of the distance across the 
casting section. These figures are generated using different initial pouring and mold 
 Sfs,2
vfs,2 vfs,1
 Sfs,1
dfs
 0 
 Metal
   0 
   Mold
  dx
54 
temperatures. It is evident from these figures that the concentration of eutectic undergoes a 
variation through the section as a function of cooling rate and initial pouring and mold 
temperatures. The interdendritic liquid tends to fill the zones of thermal contraction and 
solidification shrinkage produced across the casting section during solidification process. 
Furthermore, the concentration of the eutectic reaches a maximum value at a given position 
across the section. The macrosegregation and the variation in the eutectic concentration are 
generated by the movement of the interdendritic liquid within the liquid-solid zone due to 
thermal contraction and solidification shrinkage, and under the influence of solidification 
fronts. Therefore, the macrosegregation generated during this casting appears to be a normal 
segregation. In this kind of segregation, the fronts of solidification advance from the inner 
and outer casting surfaces simultaneously, and the primary phase solidifies first, rejecting the 
last liquid to fill the zone of shrinkage at the final point of solidification where the two 
solidification fronts intersect. Thus, the concentration of the eutectic in this zone becomes 
higher compared to the rest of the section, simultaneously generating a reduction in the 
primary phase concentration in this zone.  
 
Comparing Figs. 2.8–2.11 with Fig. 2.6, which represents the average cooling rates across 
the casting section for different initial pouring and mold temperatures, the variation in the 
eutectic concentration through the part section becomes smaller and more stable with 
increase in the cooling rate. With the increase in cooling rate, the primary and secondary 
phases solidify very quickly without allowing the primary phase and the solidification fronts 
to reject the interdendritic liquid or the eutectic. Furthermore, by comparing Figs. 2.8, 2.9, 
2.10, and 2.11, the zone of maximal macrosegregation changes across the section relative to 
the distance from the inner/outer casting surface. This change is due to the ratio between the 
speeds of the solidification fronts advancing from opposite sides across the casting section.  
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Figure 2. 8  Mass percentage across the section of the eutectic (α+η) and the primary 
phase (β) surrounded by zinc-rich haloes, during centrifugal casting of ZA8 
(Tmetal, in = 748 K, Tmold, in = 573 K, Vc = 275.5 K/s). 
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Figure 2. 9  Mass percentage across the section of the eutectic (α+η) and the primary 
phase (β) surrounded by zinc-rich haloes, during centrifugal casting of ZA8 
(Tmetal, in = 723 K, Tmold, in = 473 K, Vc = 276.6 K/s). 
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Figure 2. 10  Mass percentage across the section of the eutectic (α+η) and the primary 
phase (β) surrounded by zinc-rich haloes, during centrifugal casting of ZA8                             
(Tmetal, in = 698 K, Tmold, in = 373 K, Vc = 276.7 K/s). 
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Figure 2. 11  Mass percentage across the section of the eutectic (α+η) and the primary 
phase (β) surrounded by zinc-rich haloes, during centrifugal casting of ZA8                             
(Tmetal, in = 748 K, Tmold, in = 303 K, Vc = 281.3 K/s). 
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The radial distance of the part section and the zone of final solidification point as a function 
of the speeds of the solidification fronts produced during centrifugal casting with different 
initial pouring and mold temperatures are shown in Fig. 2.12. This figure was generated with 
the same initial mold and pouring temperature as Figs. 2.8, 2.9, 2.10, and 2.11 and shows the 
average speeds of solidification fronts advancing from both inner and outer casting surfaces 
(vfs,1, vfs,2), the distance they traverse before they intersect at some point through the section 
(Sfs,1, Sfs,2 ), and the zone of final solidification point (Zfsp).  
 
The values of the parameters represented on Fig. 2.12 for different initial mold and pouring 
temperatures are represented in Table 2.4. 
 
Table 2.4  Values of the average speeds of solidification fronts and the distances they 
displace for different initial mold and pouring temperatures represented in Fig. 2.12 
 
 
Variables 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Tmetal  (K) 748 723 698 748 
Tmold (K) 573 473 373 303 
vfs,1  (mm/s) 0.03 0.035 0.037 0.033 
vfs,2 (mm/s) 0.033 0.075 0.158 0.187 
Sfs,1 (mm) 1.579 0.961 0.571 0.453 
Sfs,2 (mm) 1.421 2.039 2.429 2.547 
 
 
Figure 2.12 shows that the zone of intersection of solidification fronts across the part section 
depends on the ratio of their speeds and on the initial pouring and mold temperatures. This 
zone is the zone of final solidification point and the site of macrosegregation produced by the 
flow and segregation of the interdendritic liquid under the influence of the solidification 
fronts. Thus, the ratio between the solidification fronts and the zone where they intersect 
through the section greatly influences the segregation of the interdendritic liquid and the zone 
of maximal macrosegregation. 
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Figure 2. 12  Schematic representation of the distances displaced by                                
the solidification fronts and of the zone of final solidification point                                  
for different initial mold and pouring temperatures:                                                 
(a) Tmetal = 748 K, Tmold = 573 K,  (b) Tmetal = 723 K,  Tmold = 473 K,                                  
(c) Tmetal = 698 K, Tmold = 373 K,  (d) Tmetal = 748 K, Tmold = 303 K. 
 
 
In comparing Fig. 2.12 a, b, c and d with Figs. 2.8, 2.9, 2.10, and 2.11, respectively, the zone 
of macrosegregation formed at the area where the two solidification fronts intersect 
corresponds to the zone of maximum macrosegregation and highest eutectic concentration. 
Thus, the maximum macrosegregation of eutectic produced during centrifugation is 
generated in the zone of the final point of solidification; hence, this zone can be expressed by 
Eq. (2.8), which determines the zone of final solidification point generated during 
solidification process. Therefore, we can express Eq. (2.8) as follows: 
Zfsp   vfs,2 , Sfs,2   vfs,1 ,  Sfs,1 
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Zfsp 
Zfsp 
 vfs,1  
 Sfs,1   
Outer surface 
 Part section 
Inner surface 
  (b) 
    (c) 
    (d) 
 vfs,1 ,  Sfs,1 
  
  vfs,2 , Sfs,2  
  vfs,2 , Sfs,2  
  vfs,2 , Sfs,2   vfs,1  
 Sfs,1   
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where  CEut,max is the maximal concentration of eutectic in wt %, and vfs,1, vfs,2 are the speeds 
of the solidification fronts advancing from different sides. 
 
 
2.5            Microstructures 
 
The microstructure of hypereutectic ZA8 and ZA12 alloys is predominantly composed of the 
primary dendrite phase (β) and eutectic structure composed of aluminum-rich (α) and zinc-
rich (η) phases. Furthermore, it was reported by Çay and Kurnaz (2005) that during gravity 
and squeeze casting of Zn-Al alloys (ZA8- ZA12, and ZA27) zinc-rich haloes may be found 
around the primary phase (β). On the other hand, a ε phase rich in copper (Cu) can be 
distributed in interdendrite (Ma et al. 2004). 
 
Figures 2.13 a, b, c and d show the microstructure and the eutectic segregation at different 
locations through the section and for different initial pouring and mold temperatures 
corresponding to the temperatures shown in Figs. 2.8, 2.9, 2.10, and 2.11, respectively. In 
these figures, the segregation and the increase in the concentration of the eutectic at different 
distances from the inner and outer casting surfaces, depending on the cooling rate and speeds 
of the solidification fronts, are clearly seen. In addition, it can be seen in these figures that the 
equiaxed grains dominate, which promotes (according to Nadella et al. 2008) the normal 
segregation through the casting section. However, it can be found inside of the matrix, areas 
where equiaxed grains co-exist with columnar grains, especially when the cooling rate was 
high (Fig. 2.13 d).  
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               0-315 µm                             1575-1890 µm                        2530-2845 µm 
a)  (Tmetal = 748 K, Tmold = 573 K, vfs,1 = 0.03 mm/s, vfs,2 = 0.033 mm/s, Vc =275.5 K/s) 
   
               0-315 µm                              630-945 µm                           2685-3000 µm 
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d)  (Tmetal = 748 K, Tmold = 303 K, vfs,1 = 0.033 mm/s, vfs,2 = 0.187 mm/s, Vc =281.3 K/s) 
 
Figure 2. 13  Microstructures representing the variation in the concentration of the 
eutectic and primary phase across the section (distance from the inner casting surface). 
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Note, from Figs. 2.13 a, b, c, and d, that the dendrite size and the microstructure become finer 
as the cooling rate (Vc) increases. Furthermore, aluminum and the high rate of solidification 
generated during centrifugal casting act as a grain refiner. On the other hand, the formation 
of equiaxed structures is an important factor in increasing the strength, ductility, and 
toughness of the alloy.   
 
The eutectic (α + η) may be lamellar or granular in structure. The increased cooling rate and 
the presence of impurities change the structure and forms granular eutectic (Fig. 2.14 a), 
while for a smaller cooling rate (Fig. 2.14 b), the eutectic becomes lamellar. This change in 
the morphology of the formation of the eutectic is related to the temperature gradient in the 
liquid-solid interface and to the growth velocity. For a small growth rate and a small 
temperature gradient, the eutectic forms with a lamellar structure. 
 
 
 
Figure 2. 14  Structure of eutectic for different cooling rates. 
 
Figures 2.15 a, b are scanning electron microscope (SEM) images showing the 
microstructure and phase distribution in centrifugal casting of ZA8 alloy. The microstructure 
is formed of primary dendrites (β) and a eutectic matrix (α+η). In addition, zinc-rich haloes 
 30µm 
          a)  Cooling rate: 281.3 K/s                                b)  Cooling rate: 275.5 K/s 
         (Tmetal,in = 748 K, Tmold,in = 303 K)                 (Tmetal,in = 748 K, Tmold,in = 573 K) 
 30µm 
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consisting of zinc as a main component and very small concentrations of aluminum and 
copper can be found around the primary phase (β). On the other hand, the space between the 
eutectic components (α and η) is small due to the relatively high speed of solidification. 
These results agree with those of Fatih Çay and S. Can Kurnaz (2005). 
 
     
 
Figure 2. 15  SEM microstructure of centrifugal-cast ZA8 alloy:                             
(Tmetal,in = 748 K, Tmold,in = 573 K, Vc = 275.5 K/s). 
 
 
2.6            Discussions  
 
Centrifugal casting leads to the refinement of grain size, but can also lead to a heterogeneous 
distribution of phases, a macrosegregation, and a change in the eutectic concentration 
through the section. These unwanted effects can be reduced by controlling the initial casting 
and mold temperatures, and the cooling rate. In addition, the zone, through the section, of the 
final solidification point to which the maximum segregation of the eutectic corresponds, can 
be controlled by varying the ratio between the two solidification fronts advancing from the 
internal and external surfaces. Figure 2.16 shows the influence of the speed ratios of 
solidification fronts on the zone of maximum eutectic concentration and segregation across 
the section for different initial pouring and mold temperatures used in this work. 
 30µm   10µm  
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If the speed of a solidification front advancing from the external casting surface is too high 
compared to a low speed when advancing from the inner surface, a macrosegregation zone 
and a maximum eutectic concentration form close to the inner surface, and vice versa. In 
contrast, two solidification fronts advancing with similar speeds from the outer and inner 
surfaces produce a zone of maximum eutectic concentration at the center of the section. 
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Figure 2. 16  Zone of final solidification point and maximum eutectic concentration 
from the outer surface of the casting as a function of the ratio between the speeds of 
solidification fronts for a 3mm thick section. 
 
As a result of the normal segregation, the interdendritic liquid (α + η) is pushed during 
solidification process to fill the zones of solidification shrinkage and thermal contraction 
through the section and at the final point of solidification, which promotes the increase in the 
eutectic concentration away from the inner and outer casting surfaces, while the 
concentration of the primary phase (β) decreases. Thus, the macrosegregation of phases 
during centrifugal casting and solidification process can produce, through the casting section, 
higher or lower concentrations of eutectic and primary phase depending on cooling rate, 
solidification speed, and position through the section. The change in the concentration of the 
eutectic and primary phase through the section is influenced by several parameters. 
64 
Phenomena such as cooling rate, ratio between the speed of solidification fronts, 
solidification shrinkage, grain structure, and final solidification point affect the maximum 
segregation of the eutectic. An increase or decrease in β and α + η through the casting section 
are the result of a combination of these parameters.  
 
According to our study, the ratio between the speeds of the solidification fronts influence the 
zone of maximal eutectic macrosegregation. The centrifugal force may contribute to the 
macrosegregation of alloying elements, growing crystals, and solid fragments depending on 
the initial pouring temperature, cooling rate, and diameter of grains before the grains are 
captured by the solidification front or attached to other grains. On the other hand, according 
to Stokes law, for a particle suspended in a liquid, a small particle diameter and a high liquid 
metal viscosity result in a low particle velocity. Therefore, the displacement of small 
diameter grains in the mushy zone varies and may be small before they are blocked by the 
solidification front depending on the initial pouring temperature, cooling rate, pouring time, 
growth velocity, and viscosity increase during the solidification process. The influence of the 
centrifugal force on grains displacement decreases with the decrease in their diameter and the 
increase in solidification speed, growth velocity, and liquid metal viscosity during the 
solidification process.  
 
Furthermore, the eutectic and primary phase concentrations on the inner and outer casting 
surfaces may change under the influence of the centrifugal force due to the difference in 
densities between the primary phase and the remaining melt (G. Chen et al. 1999).  On the 
other hand, in other types of casting, such as sand casting, the denser phase tends to segregate 
or to settle to the bottom of the casting due to gravity. 
The type of segregation produced during casting is influenced by the dimension of the 
casting and microstructure formation. According to Nadella et al. (2008), the transition from 
normal to inverse segregation occurs with increasing thickness of the solidified shell of an 
ingot. The inverse segregation is more noticeable in columnar or coarse dendritic structures 
than in equiaxed structure.  
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From our results, the maximum segregation and concentration of the eutectic across the 
casting section are found in the zone of the final solidification point. Moreover, according to 
Flemings (1974), the interdendritic liquid flow due to thermal contraction and solidification 
shrinkage appears to be the most important cause of phase macrosegregation. A 
concentration gradient of the interdendritic liquid occurs across the section and tends to 
compensate for the zones of contraction and shrinkage under the influence of the 
solidification fronts. Therefore, the macrosegregation generated is a normal segregation and 
the zone of maximal eutectic macrosegregation across the casting section can be 
characterized by the flow of the interdendritic liquid towards the final point of solidification. 
While this type of macrosegregation compensates for the porosity and improves the 
properties, it forms a brittle phase that reduces the ductility of the material and affects its 
resilience. 
 
The change in the concentration of the eutectic and primary phase during centrifugal casting 
varies with the variation in initial pouring and mold temperatures. The boundary conditions 
used during casting and the change in the speeds of solidification fronts and cooling rate have 
an important impact on the rate of macrosegregation through the section and the zone of 
maximum macrosegregation of the eutectic. This zone is the weakest point in the section, and 
can lead to low mechanical properties, low ductility and decreased toughness. Controlling the 
maximum macrosegregation zone is very important and may prevent possible premature 
failure, reduces distortion, and increases the life of the part in service. 
 
 
2.7            Conclusions 
 
In this work, the zone of final solidification point, the zone of maximum macrosegregation of 
eutectic, and the microstructure were studied. The authors conclude the following: 
 
• During centrifugal casting and with the conditions used in this study,  the interdendritic 
liquid macrosegregation is a normal segregation, and the rate of the change in the eutectic 
concentration across the section depend on the boundary conditions used, the initial 
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pouring and mold temperatures, the cooling rate, and the ratio between the speeds of the 
solidification fronts.  
 
• The zone of the maximum concentration of the eutectic generated during centrifugal 
casting corresponds to the zone of the final solidification point. This zone is created 
under the influence of the solidification fronts that push the interdendritic liquid to the 
zone of the final solidification point. The shrinkage-driven flow is the driving force 
behind the interdendritic flow. 
 
• A high cooling rate reduces the rate of change in the eutectic concentration through the 
section. The zone of the maximum macrosegregation of the eutectic can be controlled by 
the ratio between the speeds of the solidification fronts.  
 
• Centrifugal casting leads to a refinement of grain size due to the increase in the 
solidification speed. In centrifugal casting and with the dimensions of the casting used in 
this study, the grains are equiaxed and the eutectic could be granular or lamellar 
depending on the speed of solidification. 
 CHAPTER 3 
 
MODELING OF PARTICLE SEGREGATION DURING 
CENTRIFUGAL CASTING OF METAL MATRIX COMPOSITES 
 
 
3.1            Introduction 
 
Centrifugal casting is a technology that relies on a centrifugal force to produce hollow and 
axisymmetric parts (cylinders, pipes etc). The technique is an effective method for the 
casting of particles’ reinforced metal matrix composites (CMMp). The distribution of 
particles at the critical points of the section can be carried out by centrifugation. The 
centrifugal casting of CMMp allows the production of high-strength and light parts with very 
acceptable microstructures, and that are almost free of porosities, while being fairly 
compatible with the other parts in service. 
  
The movement of the particles in a liquid matrix was studied Watanabe et al., (1998) in order 
to establish a method for controlling their concentration and distribution in a graded 
composite. However, to simplify analysis, and because determining the solidification time 
and temperature distribution during the centrifugation process is a complicated problem, the 
authors considered the metal to be a liquid, thus obeying the Stokes law (constant 
temperature and viscosity). The authors thus found that the displacement of the particles 
toward the outer casting surface (ρP > ρl) increases with an increase in the rotation speed and 
particle size. Moreover, it was noted that when the temperature of the mold and the metal are 
elevated, the metal becomes less viscous, and the desired distribution of the reinforcing 
particles along the part section cannot be reached (Bonollo et al., 2004). In addition, the 
particles’ size also influences their distribution inside the matrix. The zone rich in particles 
on the outer/inner surfaces increases with particle size, depending on the particle/matrix 
density ratio (Raju and Mehrotra, 2000). On the other hand, under certain conditions, the 
particles close to the outer surface are small in diameter, a phenomenon which is attributable 
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to the solidification front, which tends to prevent large-size particles from moving freely 
toward the outer casting surface (Velhinho et al., 2003). 
 
According to Stokes law, for a laminar flow, the velocity of a particle in a liquid is constant 
and its acceleration is zero. However, during the centrifugation process, the centrifugal radius 
changes with the displacement of the particle and the melt viscosity increases during the 
cooling process. Thus, the particle velocity is not constant with time. Therefore, for optimal 
production using a graded metal matrix composite, the centrifugation laws and the variation 
of the particle velocity through the matrix must be specified.  
 
Several authors have studied the impact of centrifugation parameters, such as particle size 
and rotation speed, on the particles’ segregation. However, the change in the particles’ 
velocity, along with its impact on their segregation, was not taken into account. Some authors 
have assumed that viscosity remains constant during particle segregation (Forester et al., 
2003). In addition, by studying the segregation of the particles during centrifugation in an 
Al/Si alloy, some authors have assumed constant – but different – initial viscosities: Lajoye 
and Suéry (1988) assumed a constant melt viscosity of 0.0025 Pa.s, while Panda et al. (2006) 
took one of 0.002 Pa.s. However, as mentioned by Lajoye and Suéry (1988), change in 
viscosity as a function of temperature affects particle velocity and segregation, and, 
therefore, must be taken into account.  
 
The primary goal of this study is to model, during centrifugation process, the particle 
segregation and volume fraction through the matrix and on the outer/inner casting surface 
while taking into account the change in the centrifugal radius combined with variations in 
viscosity as a function of time and position through the matrix. This will be done by 
discretizing Stokes’s law in time and modeling each physical parameter that affects the 
particle movement as the speed, deceleration/acceleration, and displacement of the particles. 
This modeling enables an accurate measure of the particles’ speed and the prediction of their 
volume fraction across the section, knowing that an increase or decrease in the particle 
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velocity affects the particles’ degree of graduation and volume fraction through the matrix 
and on the outer/inner casting surface.  
 
 
3.2            Experimental conditions 
 
The material used in this analysis is the aluminum alloy A356 reinforced by 10V% of silicon 
carbide particles (SiC), 12 ± 2.5 µm in diameter. The mold is made of ordinary steel with a 
layer of 100-micron thick hematite coating (Fe2O3). 
  
The dimensions of the mold and the casting, as well as the parameters used and the 
composition of the alloy are presented in Tables 3.1 and 3.2.  
 
The themophysical properties of the matrix, particle and mold, are presented in Table 3.3, 
where ρ is the density, K is the thermal conductivity, C is the specific heat, H is the latent 
heat of fusion, TL and Ts are the liquidus and solidus temperatures, respectively. 
 
Table 3.1  Dimensions of the mold and the casting 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dimensions of the casting  
 
Length, 
mm 
      
Thickness, 
mm 
 
Mass, 
Kg 
 
External 
radius, 
mm 
 
Internal 
radius, 
mm 
 
62 
 
3 
 
0.1 
 
32 
 
29 
Dimensions of the mold 
 
Length,  
mm 
 
Thickness, 
mm 
 
External 
radius, mm 
 
Internal 
radius, mm 
 
62 
 
5 
 
37 
 
32 
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Table 3.2  Parameters used and composition of A356 aluminum alloy 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.3  Thermophysical properties of aluminum A356, particles and steel mold 
 
 
 
 
 
 
 
 
The density and the specific heat of the composite are determined using the law of mixture, 
which takes into account the volume fraction of the ceramic particles. 
The thermal conductivity of the composite was calculated based on the theory of effective 
middle EMT expressed by Grabowski et al. (2005, p. 241): 
 
K = Km (1-Vp) / (1+0.5Vp)                                                   (3.1) 
 
where Km is the matrix thermal conductivity (W/m K) and Vp is the particle volume fraction. 
Rotation 
speed, 
rpm  
Initial mold 
temperature, 
K  
Initial pouring 
temperature, 
K  
Time 
increment (∆t),
s  
 
650 303-373-623-673 923-953-973 0.005 
 
Composition of A356  
 
Si % Mg % Cu % Ti % Fe % Zn % Mn % Others Al% 
 
6.5-7.5 
0.3-
0.45 
 
≤ 0.2 
 
≤ 0.2
 
≤ 0.15 
 
≤ 0.1 
 
≤ 0.1 
 
≤ 0.15 
 
 balance 
Thermophysical 
properties 
Steel A356 SiC Composite 
A356/SiC 
ρ (kg/m3) 7800 2400 3200 2480 
K (W·m-1·K-1) 42.2 151 24 130 
C  (J· kg-1· K-1) 473 938 690 913 
Hf, (J/kg) ------- 389000 ------- ------- 
TL, (K) ------- 885.8 ------- ------- 
Ts, (K) ------- 830 ------- ------- 
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The heat transfer coefficients by radiation and forced convection on the inner surface 
metal/air and the outer surface mold/air (Table 3.4) are calculated, based on Poirier D. & 
Poirier E. (1991), taking into account the air properties, the boundary conditions, and the 
rotation speed.  
 
 
Table 3. 4  Heat transfer coefficients by forced convection and radiation 
  
 
 
 
 
 
 
 
 
 
 
 
To measure the concentration of the particles across the casting section and to analyse their 
distribution, photos of the microstructure were obtained with optical and scanning electron 
microscopes along the radial direction of the section. Each photo represents a distance of 125 
microns from the outer surface of the casting. The photos were printed, and the particles cut 
and separated from the matrix. The particles and the rest of the matrix were weighed 
together, and then separately, and the concentration of the particles calculated as the ratio 
between the particles mass and the total mass of the whole microstructure using equation 3.2. 
The photos of the section, which were used to measure the particles’ concentration, were 
obtained with a magnification of 500 times, which facilitated the easy cutting of the particles. 
Total heat transfer coefficient, metal/air      
(convection + radiation)  
 
Metal Temperature, 
K 
h total, metal/air,                 
W· m-2 · K-1 
923 107.27 
953 107.72 
973 108.01 
Total heat transfer coefficient, mold/air 
(convection + radiation) 
 
Mold Temperature, 
K 
h total, mold/air,                  
W· m-2 · K-1 
303 82.84 
373 84.00 
623 87.04 
673 88.02 
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%1000 ×== Ai
T
Ai
Pn
i
Ai
p m
mC
                        (3.2) 
where 
n
i
Ai
pC 0=  is the concentration of the particles in an area Ai , 
Ai
Pm is the mass of the 
particles in an area Ai,, and 
Ai
Tm is the total mass of the whole microstructure in an area Ai . 
 
Figure 3.1 shows the centrifugal casting system used to conduct the experiments.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. 1  Schematic representation of centrifugal casting system. 
 
 
 
        
 
    Rm, i  
 
 RM, i  
 
     
       
 dm, e 
RM, e 
Mold  Composite 
     Air gap   Ambiant 
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The following dimensions are presented in Fig. 3.1:  
RM, i, RM,e: the inner and outer composite radiuses, respectively (mm); 
Rm, i, dm,e: the inner mold radius and the outer mold diameter, respectively (mm). 
 
 
3.3            Analysis and modeling of particle velocity, deceleration, displacement, and 
                 segregation during cooling process 
 
The graduation degree of the particles and the variation of their distribution during 
centrifugation depend on several parameters, such as the density difference between the 
reinforcements and the matrix, the particle diameter, the melt viscosity and the rotation 
speed.  
 
Under a laminar flow, the particle velocity in a liquid is deduced from Stokes’ law for a 
constant liquid temperature and viscosity, and under zero acceleration. 
According to Raju and Mehrotra (2000), during centrifugal casting, a particle which is 
suspended in the liquid is subjected to different forces, such as the centrifugal force, the 
viscous force, the repulsive force, and the gravitational force (Fig. 3.2). The centrifugal 
acceleration (γ) is much greater than the gravitational acceleration (g), and so the 
gravitational force and the vertical displacement of the particle can be ignored. Thus, the 
force balance equation on the particle can be expressed as: 
 
                 Fω - Fη - FR  =  Fnet                                               (3.3) 
 
where  Fnet is the net force on the particle, Fω is the centrifugal force, Fη is the viscous force, 
and FR is the repulsive force. 
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Figure 3. 2  Schematic representation of the forces acting                                             
on a moving particle in the melt.                                                                  
From Raju (2000, p. 1628) 
 
The effect of the repulsive force on the particle is only significant if the particle is close to 
the solid-liquid interface. If the particle is not influenced by the solid-liquid interface, then 
the force balance can be expressed as (Raju and Mehrotra, 2000): 
 
Fω - Fη  =  Fnet                                                                                       (3.4) 
 
Eq. 3.3 can be written as (Raju and Mehrotra, 2000):  
 
( ) 2
2
323
3
46
3
4
dt
RdR
d
d
RRR pp
t
r
plpp ρπηπωρρπ =−−                        (3.5) 
 
Where Rp is the radius of the particle (mm), ω is the angular velocity (rad/s), R is the 
centrifugation radius (mm), ρp, ρl  are the particle and liquid densities, respectively (kg/m3), 
and η is the melt viscosity (Pa.s). 
Fg
Fω   FR   Fη
Interface 
Liquid  Solid 
Ri (t) 
  v = ds(t)/dt 
   Particle 
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Based on Eq. 3.4, the velocity of a spherical particle which is moving in a liquid with zero 
acceleration is expressed as: 
 
( )
η
ρρω
18
4 22 plp
p
RR
v
⋅−⋅⋅
=                                                  (3.6) 
 
Again based on Eq. 3.4, for a particle moving with a constant velocity, the position of the 
particle at time t can be written as (Raju and Mehrotra, 2000): 
 



 ⋅⋅−⋅
=
η
ρρω
18
)(4
exp)(
22
0
tR
RtR plp                                        (3.7) 
 
where R0 is the position of the particle at time t = 0  
 
When the liquid metal is overheated, the extraction of the superheat could last for a short or 
long time before the onset of solidification, depending on the initial pouring temperature, the 
molding conditions, and the cooling rate. On the other hand, the melt viscosity changes 
during cooling process as a function of time and position through the matrix. This variation 
of the viscosity as a function of temperature can be determined by the Arrhenius relation: 
 




⋅
=
mTR
QA
g
expη                                                  (3.8) 
 
where A is a constant, Q is the activation energy of viscous flow (kJ.mol-1), Rg is the constant 
of perfect gases (Rg = 8.31441, J.k-1.mol-1 ), and Tm is the absolute metal temperature (K). 
 
The apparent melt viscosity also changes depending on the particle volume fraction, through 
the following equation (Stefanescu et al. 1990): 
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αηη ⋅=c                                                                 (3.9) 
 
)(05.10)(5.21 2 tVtV pp ⋅+⋅+=α                                               (3.10) 
 
where ηc is the apparent melt viscosity (Pa.s), α is a coefficient, and Vp (t) is the volume 
fraction of particles as a function of time. 
 
 
According to Stokes’ law (Eq. 3.6), the particle moves in the liquid with zero acceleration. 
Moreover, according to Eq. (3.7), the particle position at any time (t) is calculated using a 
centrifugal radius corresponding to its position at time (t0). However, the position of the 
particle at time (t) is influenced by the variation of the centrifugal radius during its 
displacement and the increase in the melt viscosity during the cooling process. The 
centrifugal radius between the rotation axis and the particle increases during the movement 
of the particle toward the outer surface of the casting and decreases during its movement 
toward the inner surface. This increase/decrease in the centrifugal radius generates an 
acceleration/deceleration of the particles during their displacements. Moreover, the 
temperature variation of the molten metal during the cooling process affects its viscosity. An 
increase or decrease in viscosity during the casting process may affect the velocity of the 
particles, and thereafter, their degree of graduation. Therefore, the final behavior of the 
particle is the result of the competition between the deceleration caused by the increase in the 
melt viscosity and the acceleration/deceleration caused by the change in the centrifugation 
radius. Thus, for the given experimental conditions, the centrifugal radius, the viscosity, and 
the velocity of the particle are not constant with time and position and must be taken into 
account when modeling the segregation of particles, as will be shown later in this study.  
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3.3.1       Modeling of particle velocity 
 
Figure 3.3 schematizes the variation of the centrifugal radius with time for a particle which 
advances toward the outer surface. 
 
 
 
Figure 3. 3   Schematization of the centrifugal radius variation with time                 
during the centrifugation process (ρp > ρl). 
 
By combining Eqs. (3.6, 3.8, 3.9, and 3.10), the particle velocity at each interval of time can 
be determined while taking into account the variation of the centrifugal radius and melt 
viscosity as a function of time interval and position through the matrix, through the following 
equation: 
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α
ωρρ
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We express the variation of the melt temperature and of the centrifugal radius at each time 
interval, taking into account the position across the casting section, through the following 
equations: 
 
tvTT jjj R tic
R
tim
R
ttim Δ⋅= −Δ+ )(,)(,)(,                                    (3.12) 
 
•   Particle density smaller than that of liquid metal  (ρp < ρl): 
 
    (3.13) 
 
•   Particle density bigger than that of liquid metal  (ρp > ρl): 
 
                                  (3.14) 
 
 
where 
Rj
timT ,  is the melt temperature as a function of time and position through the matrix (K), 
Rti+∆t  is the centrifugal radius at time ti+∆t (mm),  Rti is the centrifugal radius at time ti (mm),    
vp (ti) is the particle velocity at time ti (mm/s), vc is the cooling rate (K/s), and Δt is the time 
increment (s). 
 
The combination of Eqs. (3.11, 3.12, and 3.14) allows us to discretize the particle velocity 
and to deduce its real variation across the casting section due to the increase in the centrifugal 
radius and melt viscosity. Furthermore, according to Stokes’ law, the particle velocity is 
constant, and its acceleration is zero. In our study, these conditions are met because 
according to our modeling, the centrifugal radius and viscosity stay constant during the 
movement of the particle over a given small time interval (for example, from ti-∆t  to  ti), 
which means that the velocity at which the particle moves in this time interval is constant and 
its acceleration is zero. The centrifugal radius and viscosity change and increase when 
switching to another time interval (for example, from ti to ti+∆t). In this new time interval, 
tvRR tiptitti Δ⋅−=Δ+ )(
tvRR tiptitti Δ⋅+=Δ+ )(
79 
the velocity of the particle is influenced by another centrifugal radius and another viscosity 
value. Thus, the velocity of the particle changes, but remains constant with zero acceleration 
in this new time interval.  
 
 
3.3.2       Modeling of particle acceleration/deceleration 
 
We express the average particle acceleration/deceleration as a function of time and position 
taking into account the constant velocities of the particle at every two successive time 
intervals, through the following equations: 
 
t
va
∂
∂
=                                                            (3.15) 
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where Rj is the initial position of the particle from the rotation axis. 
 
The average deceleration/acceleration of the particle is modeled based on the change of 
particle velocity between two successive intervals of time. Thus, the 
deceleration/acceleration of the particle between two successive time intervals is constant, 
and Stokes’ law, which expresses the particle velocity with zero acceleration, is respected for 
each time interval during which the particle moves. The deceleration changes when 
switching to two other successive time intervals. This is repeated for many time intervals 
until the temperature reaches the liquidus temperature of the metal, where the particle 
velocity is considered zero.  
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3.3.3       Modeling of particle displacement 
 
We express the distance travelled by the particle for a given position and time interval 
considering its velocity and acceleration/deceleration, as follows: 
 
v
a
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v
v
∂= 2
1
                                                         (3.18) 
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=                                                           (3.19) 
    
        
   (3.20) 
 
 
We express the total distance travelled by the particle as a function of time and position 
through the matrix as follows: 
 
                           
(3.21) 
 
 
where S is the travelled distance (mm), R is the position from the rotation axis (mm), v is the 
particle velocity (mm/s), and a is the acceleration (mm/s2). 
 
In the modeling of the particle velocity, acceleration/deceleration, and displacement, the part 
section was divided into several sub-surfaces. The distance from the rotation axis to the 
middle of each sub-surface (Rj) represents the initial position of the particle. Moreover, based 
on the work of Lajoye and Suéry (1988), Raju and Mehrotra (2000), and Panda et al., (2006), 
it was assumed that the particles are stopped by the liquid front, and that they move during 
the extraction of superheat before the temperature drops below liquidus. The influence of the 
movement of the particles on their segregation during solidification is assumed to be 
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negligible. Thus, the maximum segregation of the particles on the outer/inner surfaces is 
produced during the cooling process before the solidification begins. 
 
 
3.3.4       Modeling of particle segregation 
 
In order to determine the maximum particle volume fraction on the outer casting surface and 
their degree of graduation across the section during centrifugation, the casting thickness was 
divided into several sub-volumes (Vi) of length (Li), height (h), and thickness (e), each 
containing an initial particle volume fraction of 10%V (Fig. 3.4). We calculate the final 
volume fraction of the particles in each sub-volume through Eq. 3.22, taking into 
consideration the variation of the particle velocity due to the increase in viscosity and 
centrifugal radius as a function of time and position. On the other hand, according to 
Watanabe et al. (1998), the maximum volume fraction for the close packing of spherical 
particles in a composite is 74% V, and 52 % V for a simple cubic packing of SiC. 
 
                   
Figure 3. 4  Representation of particle displacement                                                 
and segregation during centrifugation. 
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where 0
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Vifv →  is the volume fraction of particles corresponding to the volume Vi at time t = 
0,     
ts
Vifv→  is the volume fraction of particles entering the sub volume Vi at time ts, before  the 
solidification begins on this volume,  
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Vifv →  is the volume fraction of particles leaving the sub volume Vi at time ts, before the 
solidification begins on this volume, 
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Δ+<+< = is the initial volume fraction of particles moved to a sub 
volume Vi located between Rj and Rj+ΔR/2 before the solidification begins on this volume, 
ts
fvV iVi
fv %)52(1 )1( >+ +Δ  is the excess of the particle volume fraction of the sub volume Vi+1, 
 ΔR  is the radius increment, 
n
j
st
jfvR 0)( =  is the final position of the particle volume fraction before the solidification 
begins, 
n
j
t
jfvR 00)( =  is the initial position of the particle volume fraction at time t = 0, 
TL   is the liquidus temperature, 
i
jR
t
fvS )( is the distance travelled by the particle volume fraction located at an initial position 
(Rj) for a given time of centrifugation (ti), before the solidification begins, 
j
i
R
tv is the velocity of particle located at an initial position (Rj) for a given time 
of centrifugation (ti), 
j
i
R
ta is the acceleration of particle located at an initial position (Rj) for a given time of 
centrifugation (ti). 
 
 
3.4            Modeling of cooling rate 
 
In our analysis, Cartesian co-ordinates were considered during the modeling of the cooling 
rate because of the small thickness of the part compared to its diameter (3mm/64mm). The 
heat transfer mechanism produced between the metal and the mold is a transient mechanism. 
The variation of the cooling rate and temperature as a function of time and position across the 
mold and metal sections were modeled through the implicit finite difference formulation 
using FLUENT for a transient one-dimensional unsteady state of solidification.  
We express the variation of the cooling rate with time and position through the matrix by the 
following equation: 
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where
Rj
timT ,   is the metal temperature for given time and position (K), Tp is the temperature of 
superheated metal (K), and tc is the cooling time (s). 
 
The modeling of the solidification/cooling on FLUENT takes into account the variation of 
the heat transfer coefficient mold/metal, as well as the contact resistance and the air gap 
formed between the mold and the metal as a result of the shrinkage of the latter during the 
solidification process. This is done by using an additional heat transfer resistance mold/metal, 
with a liquid fraction less than 1 (Fluent 6.2 documentation, L:/fluent.inc/help/index.htm).  
 
 
3.5             Results 
 
The main purpose of this paper is to show the influence of the increase in viscosity on the 
particle movement and segregation while taking into account the change in the centrifugal 
radius during the particle displacement. As a first step, the influence of the change in the 
initial particle volume fraction on the apparent melt viscosity during centrifugation was not 
considered. Doing so allowed us to determine the influence of the increase in viscosity on the 
particle velocity, acceleration/deceleration, and displacement due to the decrease in the 
temperature alone without it being influenced by other phenomena, such as changes in the 
particle volume fraction. Thereafter, the calculation of the particle volume fraction and 
segregation across the casting section is done with and without taking into account the 
influence of the variation in the particle volume fraction on the apparent melt viscosity and 
particle velocity and segregation across the casting section. This calculation allows us to 
clarify the influence of the increase in viscosity on the particle segregation across the casting 
section due to the decrease in temperature, on the one hand, and increase in the particle 
volume fraction, on the other.  
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In this modeling, the following assumptions were considered: 
 
• The particles are spherical in shape; 
• There is no clustering of the particles during their displacements; 
• The particles are not rejected by the solidification front; 
• The particles do not move in the mushy zone of the cast; 
• There is no thermal resistance between particles and liquid metal; 
• The vertical particle movement is neglected because of the high centrifugal force. 
 
 
3.5.1        Variation of cooling rate, temperature, and viscosity 
 
For a composite produced by centrifugal casting, the change in the rotation speed and in the 
initial pouring and mold temperatures also change the cooling rate. Figure 3.5 shows, for a 
given rotation speed and initial pouring and mold temperatures, the change in the cooling rate 
of the composite as a function of time and position through the matrix. 
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Figure 3. 5  Cooling rate as a function of time and position across the section       
(Tmetal,in = 973 K, Tmold,in = 673 K). 
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It can be seen (Fig. 3.5) that the cooling rate increases when moving from the inner to the 
outer casting surface, which is in contact with the mold, as a result of the high mold/metal 
heat exchange. The variation in the cooling rate through the matrix decreases and stabilizes 
with time. As the metal temperature falls during the cooling process, it leads to a reduction in 
thermal exchange by internal conduction. Consequently, the cooling rate decreases, and 
becomes more stable. 
 
The variation in temperature across the metal and mold sections during the extraction of 
superheat is influenced by the initial mold and pouring temperatures and their thicknesses. It 
can be seen (Fig. 3.6) that during the extraction of the superheat, the temperature of the metal 
decreases as a function of time and position as it advances to the outer casting surface. On the 
other hand, the mold temperature increases with time, but decreases when moving along the 
mold section toward the outer surface. These results can be explained by the liquid front 
which, in this case, advances from the outer to the inner casting surface, while in the mold, 
the temperature increases when advancing toward its inner surface.  
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Figure 3. 6  Metal and mold temperatures as a function of time and position             
across the section (Tmetal,in = 973 K, Tmold,in = 673 K). 
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The variation in the melt viscosity during the cooling process is a function of time, position, 
cooling rate and initial pouring and mold temperatures (Fig. 3.7). Fig. 3.7 was generated 
based on the viscosity value at each time interval. Based on the discretization done, the 
viscosity stays constant for a given time interval, and changes when switching to another 
time interval. 
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Figure 3. 7  Variation in viscosity as a function of time and position                        
through the matrix (Tmetal,in = 973 K, Tmold,in = 673 K). 
 
It can be seen from Figs. 3.7 that the viscosity increases with time as well as with position 
when moving from the inner to the outer casting surface. The variation of the viscosity with 
the cooling time was calculated as the temperature was dropping to liquidus, as a minimum 
threshold. Thus, the metal was still in the liquid state. When the temperature of the metal 
drops below liquidus, the first solidification nucleus starts to form, making the movement of 
the particles difficult, and greatly increasing the viscosity of the metal.  
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3.5.2        Variation of particle position 
 
Eq. 3.7 gives the position for a particle moving at a constant velocity, as a function of time. 
Since the centrifugal radius changes with time during the movement of the particle and the 
viscosity changes as a function of time and position during the cooling process, the particle 
velocity varies with time and its position across the part section changes. Fig. 3.8 shows the 
particle position, as a function of time, for a particle moving at a constant velocity (Eq. 3.7) 
and at a variable velocity due to the change in the centrifugal radius and melt viscosity during 
the centrifugation process (Eq. 3.14).  It can be seen (Fig. 3.8) that the particle position varies 
with time and becomes different whether the centrifugal radius, viscosity, and therefore, the 
velocity of the particle, are constant or variable. This variation becomes more pronounced 
when advancing towards the outer surface of the casting, where the position from the rotation 
axis of a particle moving at a variable velocity is decreased in comparison with a particle 
moving at a constant velocity. The particle therefore undergoes a high deceleration caused by 
the great increase in the melt viscosity as it approaches the inner mold surface, due to the 
high rate of cooling and heat exchange at the mold-metal interface.    
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Figure 3. 8  Position of a particle as a function of time with constant and variable 
velocities (Tmetal,in = 973 K, Tmold,in = 673 K). 
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3.5.3        Distance travelled by the particle 
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Figure 3. 9  Distances travelled by the particles as a function of time and position 
through the matrix (Tmetal,in = 973 K, Tmold,in = 673 K):                                               
a) variable viscosity, b) constant viscosity. 
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When the variation of the viscosity with time and position is taken into account (Fig. 3.9 a), 
the distances travelled by the particles decrease with time to reach a minimum value at a 
given time and position when the metal temperature approaches liquidus and the viscosity 
sharply increases. On the other hand, when the viscosity is constant (Fig. 3.9 b), the distances 
travelled by the particles increase linearly with time before the particle is trapped by the 
liquid front. Moreover, the particles move at variable distances, depending on their original 
positions across the casting section. The decrease or the increase in the distances travelled by 
the particles influences their degrees of graduation through the section and affects their 
volume fraction on the inner/outer casting surface.  
 
 
3.5.4        Theoretical and experimental results: Segregation of particles  
 
The following figures (3.10, 3.11, 3.12, and 3.13) show the change in the particle volume 
fraction through the matrix and on the outer surface of the composite for different initial 
mold and pouring temperatures, and with variable and constant viscosities while taking into 
consideration the change in the centrifugal radius during particle displacement.  
The results show the impact of the variation in viscosity on the particle volume fraction. 
Modeling the particle volume fraction with a variable viscosity gives results that are closer to 
those obtained by experiments on the outer casting surface (Fig. 3.10 a). In contrast, 
modeling using a constant viscosity of 0.00155 Pa.s, which corresponds to the initial pouring 
temperature taking into account the initial particle volume fraction, gives higher particle 
volume fraction on the outer casting surface compared to that obtained experimentally (Fig. 
3.10 b). The difference in the results is less pronounced far from the outer casting surface 
because of the small increase in the particles’ volume fraction across the casting section.  
 
It may be noted (Fig. 3.10 a), for the initial temperatures and rotation speed used, that the 
particle volume fraction on the outer casting surface does not reach a high value (≈ 15 %V). 
The volume fraction of the particles increases as they advance toward the outer surface of the 
casting.  
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Figure 3. 10   Volume fraction of the particles across the section                               
(Tmetal,in = 973 K, Tmold,in = 373 K):  a) variable viscosity, b) constant viscosity. 
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Figure 3. 11   Volume fraction of the particles across the section                                
(Tmetal,in = 973 K, Tmold,in = 673 K): a) variable viscosity, b) constant viscosity. 
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The effect of the change of the viscosity on the particles concentration can be also noted by 
comparing Figs. 3.11 a and 3.11 b. Modeling with a constant viscosity (0.00155 Pa.s), 
corresponding to the initial pouring temperature, leads to a higher volume fraction of the 
particles on the outer casting surface (Fig. 3.11 b). This is due to the higher distances 
travelled by the particles and to the accelerations that they undergo when only the change in 
the centrifugal radius is considered. Furthermore, the increase in the initial mold temperature 
leads to an increase in the volume fraction of particles on the outer casting surface whether 
the modeling is done with a variable or constant viscosity (Fig. 3.11 a, b).  
 
The same analysis can apply to Figs. 3.12 a, b. The volume fraction of the particles through 
the matrix and on the outer casting surface changes whether the used viscosity is constant or 
variable. Furthermore, with a low initial pouring and mold temperatures, the change in the 
particle volume fraction on the outer casting surface for variable and constant viscosities 
becomes smaller (Figs. 3.13 a, b). When the difference between the initial pouring 
temperatures and liquidus is small, and the initial temperature of the mold is low, the 
required time for superheat extraction, during which the viscosity undergoes a change, is 
decreased. Consequently, the change in the initial viscosity does not generate a big impact on 
the displacement of particles before the solidification begins. Moreover, with low initial mold 
and pouring temperatures (Figs. 3.13 a, b),  the volume fraction of the particles on the outer 
casting surface is low and close to that near the inner surface. The cooling time at these 
temperatures is small, which does not allow the particles to move across a large distance 
before the solidification begins. Furthermore, the concentration of the particles changes 
across the section due to the interaction between the particles and the liquid front in addition 
to the variation of cooling rate through the matrix. This interaction generates a variation in 
the particles travelled distances and leads to a change in their concentration, depending on 
their initial positions and velocities. On the other hand, the concentration of the particles 
across the section can be increased or decreased at different positions. This phenomenon is 
due to the formation of the primary phase which tends during its growth to push the particles 
to the interdendritic regions causing a heterogeneous variation in their concentration.  
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Figure 3. 12   Volume fraction of the particles across the section                                  
(Tmetal, in = 953 K, Tmold, in = 623 K): a) variable viscosity, b) constant viscosity. 
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Figure 3. 13   Volume fraction of the particles across the section                                 
(Tmetal,in = 923 K, Tmold, in = 303 K): a) variable viscosity, b) constant viscosity. 
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3.5.5       Particle segregation: influence of particle volume fraction variation 
 
In our analysis, the influence of the initial particle volume fraction on the viscosity, and 
thereafter on the particle velocity and deceleration, was taken into account. On the other 
hand, as a first step, in order to even more clearly show the influence of the temperature 
change alone on the viscosity variation and particle velocity and segregation, the influence of 
the change in the particle volume fraction on viscosity and particle segregation, during 
centrifugation, was not considered. This allowed us to clarify the influence of the increase in 
viscosity on the particle velocity and segregation due to the decrease in the temperature alone 
without it being influenced by other phenomena, such as changes in the particle volume 
fraction. Thereafter, based on Eq. 3.22, the particle segregation across the casting section was 
recalculated after considering the influence of the variation in the particle volume fraction as 
a function of time and position on the apparent melt viscosity and particle velocity (Figs. 
3.14, 3.15, and 3.16).  
 
In comparing Figs. 3.14, 3.15, 3.16 with Figs. 3.10, 3.11, 3.12, which do not consider the 
influence of the variation in the particle volume fraction on the apparent melt viscosity and 
particle segregation, a small decrease in the particle volume fraction on the outer casting 
surface due to the increase in the particle volume fraction and apparent melt viscosity on this 
surface was observed. However, the volume fraction of the particles does not undergo a great 
change across the casting section. This effect may be explained by the high cooling rate that 
the distance traveled by the particles and their volume fraction across the section do not 
attain a high value before the solidification begins, which does not affect dramatically the 
apparent melt viscosity and particle segregation. However, the variation in the particles’ 
volume fraction during the centrifugation process would have a more remarkable influence 
on the apparent melt viscosity and particles’ segregation if the distance traveled by the 
particles and the change in their volume fraction across the casting section was greater than 
the results obtained in this study. 
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Figure 3. 14  Volume fraction of the particles across the casting section taking into 
account the influence of the variation in the particle volume fraction on the apparent 
melt viscosity and particle segregation (Tmetal,in = 973 K, Tmold,in = 373 K). 
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a)  Variable viscosity as a function of temperature 
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b)  Constant viscosity as a function of temperature 
 
 
Figure 3. 15  Volume fraction of the particles across the casting section taking into 
account the influence of the variation in the particle volume fraction on the apparent 
melt viscosity and particle segregation (Tmetal,in = 973 K, Tmold,in = 673 K). 
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a) Variable viscosity as a function of temperature 
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     b)  Constant viscosity as a function of temperature 
 
 
Figure 3. 16  Volume fraction of the particles across the casting section taking into 
account the influence of the variation in the particle volume fraction on the apparent 
melt viscosity and particle segregation (Tmetal,in = 953 K, Tmold,in = 623 K). 
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3.6            Microstructure and distribution of particles 
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Figure 3. 17   Segregation of particles, Tmetal, in = 973 K, Tmold, in = 673 K,             
(distances taken from the external casting surface). 
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Fig. 3.17 shows the segregation of particles at different locations from the external casting 
surface. It can bee seen on this figure the variation of the particles’ volume fraction across 
the casting section. Furthermore, Fig. 3.18 taken with optical microscope shows the 
variation in the microstructure across the casting section. The dendrite size increases while 
advancing to the inner casting surface. In fact, the solidification speed at the inner casting 
surface is lower compared to that at the outer surface which is in contact with the mold. 
The decrease of the solidification speed and its variation across the section affects the 
formation of the primary phase. The lower the solidification speed the larger the dendrite 
size. The results agree with those of Rodriguez-Castro and Kelestemur (2002). 
    
 
 
Figure 3. 18  Microstructure of Al/SiC composite,                                                  
(distances taken from the external casting surface). 
 
 
3.7            Discussions 
 
The main interest of our work lies in its allowing us, when modeling the segregation of 
particles, to consider the evolution of the viscosity with temperature and cooling rate across 
the matrix, in addition to the change of the centrifugal radius during the displacement of the 
particle. This allows for a precise prediction of the volume fraction of the particles on the 
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outer/inner casting periphery. Furthermore, this work modeled the real variation in the 
particle velocity and deceleration during the centrifugation process, using Stokes’ law at each 
discrete time interval for a particle moving at a constant velocity. The analysis done in this 
work illustrates the impact of the change in the centrifugal radius with the displacement of 
the particle and the increase in the viscosity with the decrease in temperature, on the dynamic 
and behaviour of particles during their segregation. 
 
It was found in this work, while taking into account the variation of the centrifugal radius 
during centrifugation process that changes in the melt viscosity during the cooling process 
can have a significant impact on particle segregation and volume fraction through the matrix, 
depending on the initial pouring and mold temperatures and on the process parameters. 
Modeling of the velocity, deceleration/acceleration, displacement, and volume fraction of the 
particles, taking into account the change in temperature, cooling rate through the part section, 
and centrifugal radius, shows the effect of the variation in the viscosity on the segregation of 
the particles, and leads to results which better match their experimental counterparts on the 
outer casting surface. In contrast, modeling particle segregation with a constant viscosity can 
lead to a higher volume fraction than that obtained experimentally. This variation of the 
volume fraction of the particles is seen on the outer surface of the composite as well as 
through the matrix. Furthermore, the higher the initial pouring and mold temperatures, the 
higher the effect of the viscosity variation. This is explained by the increase of the cooling 
time. The higher the time required to extract superheat, the higher the effect of the viscosity 
on the segregation of the particles. The volume fraction of the particles on the outer casting 
surface stops increasing when the solidification begins, but continues to change through the 
matrix for a certain amount of time. This analysis is in line with the results found by Lajoye 
and Suéry (1988), who show that when the solidification of liquid metal begins very quickly, 
with no superheat to extract, the volume fraction of the particles on the outer surface of 
Al/SiC composite is low and very close to that obtained at the beginning of the segregation 
zone near the inner surface. 
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The volume fraction of the particles on the inner/outer surface and through the matrix should 
be controlled taking into account the impact of the cooling rate and the variation of the 
centrifugal radius and melt viscosity with time and position through the matrix. The fact that 
the increase in the initial pouring and mold temperatures increases the required time for the 
extraction of superheat allows particles to move across larger distances. Consequently, their 
volume fraction on the outer surface becomes higher.  
 
 
3.8            Conclusions 
 
• The discretization of Stockes’s law over time, during centrifugal casting, allows a 
prediction of the real particles’ velocity and displacement, which leads to a more precise 
determination of the particles’ volume fraction, especially on the outer casting surface. 
 
• In this work, variations in the centrifugal radius during the segregation of the particles 
are combined with the change in viscosity during the cooling process. It was found that 
the particle behavior varies with time and position whether the used centrifugal radius, 
viscosity, and therefore velocity of the particle are constants or variables. 
 
•     Modeling the particles’ volume fraction variation across the casting section and on the 
outer casting surface, with a variable viscosity as a function of temperature produces 
results that are more accurate and closer to those obtained experimentally. 
 
•     Increasing the initial mold and pouring temperatures accentuates the effect of viscosity 
on particle segregation and increases the time required to extract superheat. This would 
favour higher volume fraction of particles on the outer casting surface, while the free-
particle zone near the inner surface becomes larger. On the other hand, according to the 
parameters and conditions used in this work, and for low initial pouring and mold 
temperatures, the volume fraction of the particles on the outer casting surface is low and 
almost similar to that obtained near the inner surface. 
 CHAPTER 4 
 
GENERAL DISCUSSION 
 
 
4.1            Macrosegregation 
 
It is known that the solidification of alloys is accompanied by a microsegregation of alloying 
elements due to the lack of diffusion and non-equilibrium nature of solidification. On the 
other hand, a macro-scale of segregation can appear through the matrix. This type of 
segregation is called macrosegregation, where the concentration of alloying elements and 
phases may vary substantially throughout the part section, thereby impairing its quality, 
affecting its properties, and limiting its size and productivity. Therefore, the importance of 
macrosegregation cannot be ignored when producing casting parts. 
 
The degree of macrosegregation is influenced by the type and amount of alloying elements, 
ingot dimensions, solidification rate, and microstructure formation (columnar or equiaxed 
dendrites). The most relevant studies on macrosegregation have examined the 
macrosegregation of alloying elements such as aluminum in zinc-aluminum alloy ZA27 as 
well as tin and lead in bronze-tin alloy C92200, but studies on macrosegregation of phases 
and constituents, such as the eutectic, are very limited. Also, no data was found in the 
literature on the variation in the eutectic concentration from outer and inner surfaces to the 
center of the casting, and on its behavior in relation with the speeds of solidification fronts 
and their influence on the zone and position of the final solidification point. 
 
Knowing that macrosegregation is an irreversible defect, the question is how far it is possible 
to control it in order to minimize its occurrence and its influence on castings’ properties and 
on the process productivity. For a given alloy, the macrosegregation of eutectic is related to 
several conditions and parameters such as the morphology of the microstructure, the rate of 
solidification, and the movement of the solid phases and interdendritic liquid, under the 
influence of the solidification fronts, towards the zones of thermal contraction and 
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solidification shrinkage. Therefore, although the basic mechanism of macrosegregation is 
known, the modeling of eutectic macrosegregation during centrifugation is aimed to control 
and reduce its severity taking into account the experimental conditions and parameters, 
solidification mechanisms, zone of final solidification point, alloy characteristics, and 
segregation in order to determine and specify the way they affect the eutectic 
macrosegregation and their influence on its magnitude. 
 
Based on the modeling and analysis and on the experimental data done in this work, we were 
able to define the macrosegregation of the eutectic, generated in thin-walled zinc alloy 
produced by centrifugal casting, as a normal segregation during which the interdendritic 
liquid moves under the influence of solidification fronts and primary solidifying phases to the 
final point of solidification. The experimental and theoretical results found in our study are in 
good agreement with the theory of the basic mechanism of macrosegregation phenomenon 
mentioned by Flemings (1974) for the normal segregation. Furthermore, it was found in our 
study that the decrease in the pouring and mold temperatures and the increase in 
solidification rate seem to reduce the rate of macrosegregation variation and its magnitude 
across the casting section. On the other hand, the control of the ratio between the speeds of 
the solidification fronts advancing from the inner and outer casting surface allows us to 
control the zone of the final solidification point and maximum eutectic concentration. Thus, 
to limit and decrease the rate of macrosegregation and the change in the eutectic 
concentration through the section, it is recommended that centrifugal casting be performed at 
the lowest possible pouring and mold temperatures and at the highest possible cooling rate 
that can be used, given the quality of the part surface.  
 
In addition, it was found in our work that the zone of the final solidification point that was 
determined theoretically corresponds to the zone of maximum eutectic concentration found 
experimentally across the casting section. Therefore, depending on the conditions under 
which the part is used, and on its most constrained surface (resistance to abrasion and/or 
constraints on the inner and/or outer surface), the zone of maximum eutectic 
macrosegregation can be moved far from the constrained surface by controlling the ratio 
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between the speeds of solidification in the inner and outer surfaces. This control will thus 
permit a reduction in the risk of failure generated by the low ductility and toughness of the 
maximum eutectic concentration zone. Therefore, for increasing the service reliability of 
centrifugally cast parts and for improving their strength and quality, a control of 
macrosegregation across the casting section should be conducted based on the parameters, 
experimental conditions, solidification rate, and speed of solidification in both inner and 
outer casting surfaces. 
 
 
4.2            Particles’ segregation 
 
Metal matrix composites can be produced by several techniques including gravity casting, 
powder metallurgy, centrifugal casting, squeeze casting, and die casting. However, for 
fabricating functionally graded composites, centrifugation is the most used technology, 
especially for hollow and cylindrical parts. The centrifugation technique permits us to vary 
and control the particles’ segregation and their graduation degree across the casting section in 
order to obtain specific mechanical properties at the desired points of the section. 
 
The modeling of particle segregation during centrifugal casting of MMCP was conducted by 
several authors (Lajoye and Suery 1988; Raju and Mehrotra 2000; Rodriguez-Castro and 
Kelestemur 2002; Bonollo et al. 2003; and others) using Stokes’ law, approximately, with 
constant centrifugal radius and viscosity regardless of change in the particles’ velocity during 
their displacement and its impact on the particle volume fraction and segregation across the 
casting section. Using such approximation makes the prediction of particle segregation less 
precise and can lead to poorer quality parts. Therefore, in order to remedy this lack in the 
modeling and analysis of the particles’ segregation, we discretized Stokes’ law over time, 
and a mathematical modeling was done for each physical parameter that affects the particles’ 
segregation (velocity, acceleration, displacement). This discretization allowed us to deduce 
more realistic particle behavior and velocity due to the change in the centrifugal radius and 
viscosity during the cooling process. This helped us achieve better control of the particles’ 
segregation on the outer casting surface. During the modeling of the particles’ segregation, 
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we calculated the distance traveled by the particle using equation 3.21, which is expressed in 
term of velocity and acceleration calculated by equations 3.11 and 3.17 while using Stockes’ 
law discretized over time.  
 
Lajoye and Suery (1988) have mentioned that the pouring temperature and the change in 
viscosity during the solidification process can affect the particles’ velocity and segregation. 
Although this was neglected in their modeling, Lajoye and Suery found a good agreement 
between the theoretical and experimental results obtained. However, the value of the 
viscosity used was too high (0.0025 Pa.s), while the viscosity of the liquid metal does not 
exceed 0.002 Pa.s., even for a temperature that does not differ much from the liquidus 
temperature, taking into account the initial particles’ volume fraction. Moreover, according to 
our modeling, the higher value of the viscosity increases the viscosity force in the opposite 
direction to the centrifugal force and reduces the particles’ displacements for a given time of 
centrifugation. On the other hand, if the cooling time is short and the extraction of superheat 
is too fast, the influence of the change in the viscosity with temperature on the particles’ 
segregation becomes smaller. In that case, the results obtained with constant and variable 
viscosities become almost similar. Therefore, the time of the superheat extraction and the 
value of the viscosity used have a major influence on the particles’ segregation. 
 
The results found in our study are supported with experimental data. The volume fraction of 
particles obtained experimentally through the casting section is compared with that obtained 
theoretically. The difference in the results obtained theoretically for constant and variable 
viscosities compared with those obtained experimentally is very clear; especially on the outer 
casting surface which constitutes the most critical place of a part subjected to a friction stress. 
Regarding the section of the casting away from the outer surface, this difference in the results 
is less pronounced because of the small increase in the particles’ volume fraction far from the 
outer casting surface for the parameters and experimental conditions used in our study. 
 
Furthermore, regarding the comparison between the theoretical and experimental results of 
particles’ volume fraction, Watanabe et al. (1998) found a difference of about 30 %V 
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between the experiments and the theoretical results while using Stokes’ law with a constant 
particle velocity. According to our results, the difference between the experimental and 
theoretical results, at a constant viscosity, varied from about 15%V to 25%V depending on 
the initial pouring and mold temperatures, while this difference varied from about 2%V to 
5%V with variables viscosity and particle velocity. Thus, it is shown that using variable 
viscosity in modeling gives more accurate results that are very consistent with experimental 
data. On the other hand, the particles’ concentration across the casting section was measured 
more than one time in order to determine the errors that could occur during measuring. The 
results showed experimental variations of particle volume fraction ranging from ±1%V to 
±2%V, which are much less than the difference found between the theoretical and 
experimental results (15%V to 25%V). In addition, as mentioned in paragraph 3.2, the photos 
of the section, which were used to measure the particles’ concentration, were obtained with a 
magnification of 500 times, which facilitated the easy cutting of the particles. 
 
 
4.3            Repulsive force 
 
Most authors have neglected the repulsive force during modeling of the particles’ 
segregation. Panda et al. (2006) were one of the few authors to model the particles’ 
segregation, taking into account the repulsive force caused by the solidifying interface. 
However, it was mentioned by these authors that their modeling is only an approximation, 
and their model is based on assumptions that are only partially valid. For example, in their 
work, the solidification front was considered to be planar, while it can also be cellular or 
dendritic depending on the rate of solidification. The authors also mention that it is very 
difficult to predict either cellular or dendritic morphology of the solidification front. Thus, 
the influence of the solidifying interface on the particles’ segregation is not yet completely 
understood. Research on this subject continues until today. Therefore, as has been reported 
by most authors (Lajoye and Suery 1988, p. 16; Raju and Mehrotra 2000, p. 1629; 
Rodriguez-Castro and Kelestemur 2002, p. 1815; Bonollo et al. 2003, p. 51; and others), it 
was assumed in our work that the particles are not rejected by the solidifying interface. 
Furthermore, the solidification rate is supposed to be very high at the outer casting surface 
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because of the high heat transfer at the mold/metal interface and, as was found by Rodriguez-
Castro and Kelestemur (2002, p. 1819), the high solidification rate produces finer 
microstructures and leads to a better distribution of reinforcement particles in the matrix. The 
particles are less rejected by the solidification front due to the relatively high speed between 
the particles and the solid-liquid interface, especially on the outer casting surface. 
Consequently, the particles are distributed homogenously near this surface. This has been 
observed in our results, where the particles’ distribution was homogenous near the outer 
surface (Chapter 3, Figures 3.17 and 3.18).  
 
 
4.4            Particles interaction 
 
For large particles’ volume fraction, interaction between particles occurs, thus reducing the 
particles’ velocity. According to Lajoye and Suery (1988, p. 17) and Raju and Mehrotra 
(2000, p. 1629), it is assumed that the reduction in velocity due to the particles’ interactions 
is characterized by an increase of the liquid’s apparent viscosity. In our study, based on the 
work of Raju and Mehrotra 2000, the influence of the increase of apparent viscosity on the 
particle velocity was taken into account, using equations 3.9 and 3.10. Thus, according to 
Raju and Mehrotra, the influence of particles’ interaction on particle velocity is considered, 
in our study, with the change in apparent melt viscosity. 
 
 
4.5            Solidification 
 
In order to model the heat conduction and the variation of the heat transfer between the mold 
and the metal during the cooling process, we conducted, using FLUENT, a numerical 
simulation of the cooling process that is based on the parameters and boundary conditions 
used in our experiments. We used FLUENT taking into account the mold’s, metal’s, and 
particles’ thermophysical properties while using the rule of mixtures in determining the 
thermophysical properties of the composite, as has been conducted by several authors (Panda 
et al., 2006; Raju and Mehrotra, 2000; and others).  
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Our modeling was done through the implicit finite difference formulation for a transient one-
dimensional unsteady state of solidification. A one-dimensional formulation of heat flow 
perpendicular to the mold wall was used because of the too-small thickness of the part 
section compared to its length (3mm/62mm). Thus, the cooling time in the radial direction is 
too small compared to that in the axial direction. Moreover, most authors have considered 
one-dimensional heat flow when modeling of solidification during centrifugation process 
(Lajoye and Suery 1988, p. 16; Kang et al. 1994, p. 247; Raju and Mehrotra 2000, p. 1626; 
Panda et al. 2006, p. 1676; and others).  
 
Using FLUENT to model the heat transfer is a powerful and effective way to determine the 
variation of the temperature as a function of time and position through the part section. The 
experimental determination of the temperature variation in each segment across the section is 
very difficult. Almost all researches on the temperature variations across the casting section 
during the centrifugation process were conducted theoretically (Lajoye and Suery 1988; 
Kang et al. 1994; Watanabe et al. 1998; Raju and Mehrotra 2000; Panda et al. 2006; and 
others). In addition, Watanabe et al. (1998, p. 595) mentioned that using experimental 
techniques to determine the temperature distribution and solidification time through the 
centrifugal method is very difficult, since the mold rotates at a very high speed during 
solidification. 
 
The modeling of the heat transfer using FLUENT was done taking into account the initial 
particle volume fraction (fv = 10 %V) and its influence on the thermophysical properties 
variation of the composite. However, in order to clearly analyze the influence of the change 
of the particle volume fraction on the temperature and cooling rate variation across the 
casting section, the modeling of the heat transfer was redone with fv = 20 %V for given 
initial mold and pouring temperatures (Tmetal = 973 K, Tmold = 673 K). 
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Figure 4. 1  Variation of the temperature across the casting section                                
for different particle volume fractions (t = 0.57s). 
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Figure 4. 2  Variation of the cooling rate across the casting section                                  
for different particle volume fractions (t = 0.57s). 
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Figures 4.1 and 4.2 show for the experimental conditions and parameters used in our study, 
the variation of temperature and cooling rates across the casting section for different particle 
volume fractions. It can be seen by these figures that, for a given time of cooling (0.57 s) 
necessary for the extraction of superheat across the section for given initial mold and pouring 
temperatures, the change in the particle volume fraction from fv = 10V% to fv = 20V% does 
not significantly affect the temperature and cooling rate variations across the casting section. 
The maximal difference in the cooling rate between the different particle volume fractions 
used is about 0.617 °C/s, which corresponds to a variation in temperature and cooling time of 
0.35 °C and 0.002s respectively, for a total time of cooling of 0.57s. Thus, the time of 
superheat extraction during which the particles move is almost the same whether the particle 
volume fraction was 10%V or 20%V. Consequently, we assume, for the parameters and 
experimental conditions used in our study, that the increase in the particle volume fraction to 
fv = 20%V on the outer casting surface does not affect significantly the temperature variation 
and particles’ displacement and segregation across the casting section during the extraction 
of superheat.  
 
This analysis was done with a particle volume fraction of 20%V because according to our 
results, the maximum particle volume fraction obtained on the outer casting surface does not 
exceed 20%V. 
 
 
4.6            Viscosity 
 
The final behavior of the particles is a result of the competition between the increase in 
viscosity due to the reduction in temperature on the one hand, and to the increase in the 
centrifugal radius with the displacement of the particles on the other. In the case when the 
viscosity is constant, the particles move toward the outer casting surface with acceleration 
caused by the increase in the centrifugal radius alone, while they move with deceleration if a 
variation of the viscosity with temperature is taken into account. However, the change in the 
viscosity is also influenced by the variation in the particle volume fraction across the casting 
section. This was considered in our modeling using equations 3.9, 3.10, and 3.22. In fact, our 
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modeling was done in two steps. As a first step, the viscosity was modeled taking into 
account the variation of the temperature alone, which allowed us to clarify the influence of 
the temperature decrease on the viscosity and particle segregation without being influenced 
by another phenomenon such as the variation in the particle volume fraction. Thereafter, the 
segregation of the particles was modeled taking into account the variation of the viscosity as 
a function of temperature and particle volume fraction variations (Figs. 3.14, 3.15, 3.16). The 
results obtained for the two cases were compared and discussed which allowed us to observe 
a small reduction in the particle volume fraction on the outer casting surface due to the 
increase in viscosity with an increase in the particle volume fraction near this surface. 
 
 
4.7            Time increment 
 
In our study, the discretization of the particle velocity which is expressed by the Stokes’ law 
is done over time, and Δt is used as a constant value.  Although Δt is not a physical 
parameter, the choice of this parameter can influence the estimation of the particles’ 
velocities during their segregation, the estimation of the total time of superheat extraction and 
the estimation of the particles’ displacement during the cooling process.  The smaller the 
time increment, the higher is the accuracy of the particle velocity discretization. Also, the 
smaller the Δt, the smaller will be the difference between the calculated temperature and that 
of the liquidus before the temperature falls in the mushy zone. A small Δt used in the 
modeling allows taking into consideration the change in temperature, during cooling for a 
longer and more precise time before the temperature drops in the mushy zone, given that the 
particles’ displacement in the mushy zone is negligible. This allows, during the modeling of 
the particles’ segregation for a given time of centrifugation, to consider the distance travelled 
by the particles for a total time of cooling corresponding better to the time of superheat 
extraction. Thus, a use of a small constant Δt gives more accurate results on the total 
distances travelled by the particles, which improves the prediction of the particles’ volume 
fraction on the outer surface and across the section of the casting (appendix IV). In addition, 
Lajoye and Suery (1988, p.17) used Δt as the delay of superheat extraction and considered it 
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as a parameter that influences particles’ volume fraction variation while using Stokes law 
with a constant particle velocity.  
In our study, the analysis of Δt is not done in order to show its influence on the particles’ 
segregation, but in order to justify the value of Δt used in the models. Thus, from this 
analysis, we come to the conclusion that Δt value should be as small as possible. For an 
average time of superheat extraction of 0.4 s, it was found that from Δt = 0.005 s and down, 
the variation of the particles’ volume fraction on the outer casting surface becomes 
insignificantly affected by the variation of Δt and the small deviation of temperature of that 
of the liquidus one while using a constant Δt (appendix IV, Fig. IV. 1).  
 
 
4.8            Modeling of particle volume fraction 
 
While modeling the particles’ segregation, Siva Raju and Mehrotra (2000) considered the 
variation in the time of the volume fraction of particles by ensuring the conservation of the 
total mass of particles at all times. In their approach, the volume of particles between two 
consecutive nodal points always remains the same, but the length of the segment varies with 
time. On the other hand, in the modeling of Panda et al. (2006), the nodes remain fixed at all 
times, and the variation of the particles’ volume fraction in any particular segment, over time, 
is calculated by considering the particle movement in time. 
 
In our modeling, we considered the variation of the particles’ volume fraction with time by 
ensuring the conservation of the total particles’ volume fraction through the matrix at all 
times and, thus, by ensuring the conservation of the total mass at time (i.e., Siva and 
Mehrotra’s approach). Therefore, the initial particles’ volume fraction through the whole 
casting matrix remains constant at all times, but it varies in each sub-volume, due to the 
particles’ movement. This occurs while using Stokes’s law and particle velocity, discretized 
over time, to determine the distance traveled by the particles (taking into account the 
variation in the viscosity and centrifugal radius during the centrifugation process). 
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Thus, the modeling of the particles’ segregation and of the changes in their volume fractions 
across the section is based on the particles’ movement and volume/mass conservation 
through the part section at any instant of time. The percentage of the volume fraction gained 
by given sub-volumes will be lost by other sub-volumes, and the initial particles’ volume 
fraction throughout the whole matrix remains the same. Our formulation of the particles’ 
segregation as a function of time and position is expressed analytically by equation 4.1. 
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Figure 4.3 schematizes several sub-volumes across the casting section. Each sub-volume 
contains an initial particle volume fraction of 10 %V, with particles distributed 
homogenously over its entire length. Based on the mass/volume conservation, the total 
particles’ volume fraction, throughout the entire matrix at all times (ti), should be equal to the 
initial particles’ volume fraction at time t = 0; hence, the variation of the initial total volume 
fraction over time is zero (dfv/dt = 0). Thus, for a given time of centrifugation (ti), the sum of 
the particles’ volume fractions on all sub-volumes, divided by the number of sub-volumes, 
gives the initial volume fraction through the matrix (Eq. 4.2): 
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where:  
      NVi: number of sub volumes;  
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vifv  : particles’ volume fraction in sub volume Vi at time ti ; 
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t
matrixinifv : initial particles’ volume fraction in the matrix; 
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Figure 4. 3  Schematization of the particles’ segregation analysis in a casting section 
consisting of several sub-volumes. 
 
In the proposed modeling, nodal points are considered at the center of each segment. The 
distance (Rj) between the rotation axis and the volume fraction of a given sub-volume is 
determined from the center of the latter. Thus, the particle positions are considered at the 
nodal points. If, for a given time of centrifugation, a volume fraction (fv) moves to a distance 
x1 or x2 from the center of Vi (Fig. 4.3), then a percentage of the moved particles will be 
segregated in sub-volume Vi-1 or Vi+1, respectively. Equation 4.3 expresses the volume 
fraction entering sub-volume Vi and the percentage of volume fraction (fv) that can be 
segregated in Vi-1 or Vi+1, depending on its position relative to the Rj of Vi: 
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The analysis below, based on figure 4.3, shows the calculation of the percentages of a given 
volume fraction segregated at sub-volumes Vi and Vi-1 when its position, after moving for a 
given centrifugation time, is at distance x1 from Rj: 
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In each radius increment, ΔR, there is a particle volume fraction of fvi=10 %Vi. Accordingly, 
ΔR/2 corresponds to fVi/2. Therefore, we can express the percentage of the volume fraction 
segregated in Vi-1 as follows: 
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Since many sub-volumes exist throughout the matrix in many different positions in relation 
to the rotation axis, the particles can move to a given sub-volume Vi from different positions 
across the casting section, based on the distances they travel for a given time of 
centrifugation. Thus, we express equation (4.6) by equation (4.7), where (i) represents the 
sub-volumes and (j) represents the positions from the rotation axis: 
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This analysis demonstrates that for a particle volume fraction of 10 %Vi that moves to a 
position of x1 from Rj of a sub-volume Vi, the percentage of the volume fraction segregated in 
the sub volume Vi-1 can be calculated. This percentage corresponds to equation (4.7), while 
the remaining parts of the 10 %Vi segregated in Vi correspond to expression (4.8), which 
comprises the first part of equation (4.3): 
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The same analysis applies when the volume fraction moved to a sub-volume Vi is at a 
distance x2 from Rj (Fig. 4.3)—except in that case, x2 is written this way: 
 
( ) jR tottitjini RSRx j −+= = )(02                                           (4.9) 
 
Thus, the percentage of the particles’ volume fraction that is segregated in the sub-volume 
Vi+1 can be calculated using equation 4.10: 
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On the other hand, the percentage of the particles’ volume fraction that is segregated in the 
sub volume Vi will correspond to expression (4.11), which is the second part of equation 
(4.3): 
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Therefore, during centrifugation, the conservation of mass/volume is established between    
Vi-n, Vi, and Vi+n. The percentage of the volume fraction gained by given sub-volumes will be 
lost by others, and the mass/volume conservation is always maintained (see example below). 
 
On the other hand, the particles’ volume fraction leaving a sub-volume Vi, for a given time of 
centrifugation, is expressed by equation (4.12). This equation takes into account the initial 
particles’ volume fraction in Vi at t = 0, plus the sum of volume fractions entering this sub-
volume during centrifugation, providing that: 
 
1. The temperature in the sub-volume Vi+1 at centrifugal time ti+∆t is higher than the 
liquidus temperature, since the particle does not move in the mushy zone. 
 
2. The volume fraction of particles in Vi+1 is smaller than 52 %V since, according to 
Watanabe et al. (1998), that is the maximum particles’ volume fraction that a given 
volume of liquid metal may contain for a simple cubic packing of SiC. 
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The position of the particles’ volume fraction after displacement for a given centrifugation 
time is given by equation (4.13). This equation takes into account the initial positions of the 
volume fraction at time t = 0 and the total distance it moves for a centrifugation time ti. 
 
  
 (4.13) 
 
Equation (4.13) is the same simplified expression used in equation (4.3): 
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Example  
 
Let V1, V2, and V3 be sub-volumes, each of 100 µm length and containing a particles’ volume 
fraction of 10 %Vi (Fig. 4.3). The sub-volume V3 is on the border of the mold; hence, this 
sub-volume can gain particles, but cannot lose any. The centrifugal radius to the inner wall of 
sub-volume V1 is 2000 µm. 
Suppose that for a given centrifugation time ti, the volume fractions that are initially in the 
sub-volumes V1 and V2 move distances of 55 µm and 65 µm, respectively. 
 
With: 
R1 = 2000 µm + 50 µm = 2050 µm 
R2 = 2000 µm + 150 µm = 2150 µm 
Rj = R3 = 2000 µm + 250 µm = 2250 µm 
 
The initial particles’ volume fraction throughout the whole matrix is: 
 
fvini= (10%V1+10%V2+10%V3)/3 = 10 %V                               (4.15) 
 
The new volume fraction in the sub-volume V3, for a given centrifugal time ti, is calculated 
using equations 4.1, 4.3, 4.7, 4.10, and 4.12, taking into consideration that particles do not 
leave this sub-volume and that, based on the final position of the displaced volume fraction 
(Eq. 4.13), x2 = 0 in both V3 and V2: 
 
                     fv(V3) = 10 % + 10 % - (10%/100) · [2250 µm–(2150 µm + 65 µm)] -       (4.16)                    
- 0 % + 0 % + 0 % = 16.5 %V 
 
The new volume fraction in the sub-volume V2  is calculated using equations 4.1, 4.3, 4.7, 
4.10, and 4.12, taking into consideration, based on the final position of the displaced volume 
fraction (Eq. 4.13), that x2 = 0 in V1 and V2: 
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fv(V2) = 10 % +10 % - (10%/100) · [2150 µm – (2050 µm + 55 µm)] -       (4.17) 
- 10 + (10%/100) · [2250 µm – (2150 µm + 65 µm] + 0% = 9 %V 
 
The new volume fraction in the sub-volume V1 is calculated using equations 4.1, 4.3, 4.7, 
4.10, and 4.12, taking into account that V1 is the first sub-volume in relation to the distance 
from the rotation axis. Hence, V1 can only lose particles. Moreover, based on the final 
position of the volume fraction (Eq. 4.13), x2 = 0 in V1:  
 
fv(V1) = 10 % + 0 % + (10%/100) · [2150 µm – (2050 µm + 55 µm)] – 0%  – 10 %  =     (4.18)                   
= 4.5 %V 
 
Based on equation 4.2, the final particles’ volume fraction throughout the whole matrix is: 
 
 
(4.19) 
 
 
Therefore, the final particles’ volume fraction, obtained through the whole section, 
corresponds to the initial volume fraction (fvfin = 10 %V = fvini), which indicates the 
volume/mass conservation at any instant of time. In addition, it may be noted that a small 
particles’ displacement of 65 µm can have a significant effect on the particles’ volume 
fraction in a given sub-volume. In comparison with the initial particles’ volume fraction in 
the sub-volume V3 (fvini = 10 %V), an increase of about 65% of fvini was produced in this sub-
volume after the given particles’ displacement.  
 
The analysis shown above was conducted again, supposing that for a given centrifugation 
time ti, the volume fractions that are initially in the sub-volumes V1 and V2 move distances of 
30 µm and 35 µm, respectively. The results give the following volume fraction in each sub-
volume: 
 
0
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fv(V3) = 13.5 %V 
fv(V2) = 9.5 %V 
fv(V1) = 7 %V 
 
The final particles’ volume fraction throughout the whole matrix is: 
 
(4.20) 
 
 
Thus, an increase of about 35% of fvini was produced in sub-volume V3 after the given 
particles’ displacement.  
 
According to the graph of the particle positions (Fig. 3.8), the difference in the distance 
traveled by a particle for constant and variable viscosities is small, less than 50 µm. 
However, according to the demonstration above, a small particle displacement can cause a 
significant variation in the particle volume fraction for a given sub-volume. In addition, the 
variation of the particles’ volume fraction in a given sub-volume can be caused by the 
simultaneous segregation and displacement of particles from several positions across the 
casting section, thus increasing the influence of a small difference in the distance traveled by 
the particles on their volume fraction variation. Thus, a difference in the particle-traveled 
distance of less than 50 µm causes a change of the particles’ volume fraction in each sub-
volume across the casting section. On the other hand, the difference in the distance traveled 
by the particles is assumed to increase with the increase of the casting thickness and the time 
of superheat extraction, which can increase the difference in the particles’ volume fractions 
for the results of constant and variable viscosities. Therefore, after this analysis, we can 
conclude that the reduction in particle velocity and displacement, due to the increase in 
viscosity during the cooling process, affects the particles’ volume fraction on the outer 
casting surface and across the section. 
0
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 GENERAL CONCLUSIONS  
 
After having studied and modeled – during centrifugal casting – the macrosegregation of 
phases and the zone of maximum eutectic segregation through a part section of zinc-
aluminum alloy ZA8 and, after studying and modeling the segregation of SiC particles in 
MMCP while using Stokes’ law discretized over time, we conclude the following: 
 
• The phase macrosegregation generated during centrifugal casting of a thin-walled zinc 
alloy is a normal segregation during which the interdendritic liquid is pushed under the 
influence of solidification fronts, to fill the zones of shrinkage and thermal contraction 
corresponding to the zone of the last solidification point. 
 
• Macrosegregation, and its rate of variation across the section, decrease with increases in 
the solidification speed.  
 
• The zone of maximum eutectic segregation across the casting section can be controlled 
by controlling the ratio between the solidification fronts. Thus, the weak zone of the 
microstructure, where the toughness and ductility are low, may be driven away from the 
surface where the constraints are applied. 
 
• Centrifugal casting produces a fine microstructure. The dendrites are equiaxed, which 
promotes normal segregation. Moreover, the structure of the eutectic can be granular or 
lamellar, depending on the speed of solidification. High-speed solidification promotes the 
formation of granular eutectic. 
 
• The change in the liquid metal viscosity with the drop of temperature and the variation of 
the centrifugal radius with the displacement of the particle affect the particles’ 
segregation and volume fraction especially on the outer/inner casting surface. The 
increase in viscosity during cooling process increases the force opposing the centrifugal 
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force, which can affect the distances traveled by the particles for a given time of 
centrifugation causing a change in their volume fraction. 
 
• Modeling the particles’ segregation with constant viscosity leads to a volume fraction of 
particles on the outer casting surface higher than that found experimentally, depending on 
the value of viscosity used, along with initial mold and pouring temperatures. In contrast, 
when the variation in viscosity is taken into account, the volume fraction of the particles 
– obtained theoretically – on the outer casting surface, better matches the results found 
experimentally. 
 
• The initial mold and pouring temperatures, the time required for extracting the superheat, 
and the process parameters (rotation speed, diameter, and initial volume fraction of the 
particles, density difference between the particles and the matrix) play a principal role in 
the segregation and distribution of particles across the casting section. 
 
 
 
 
 
 RECOMMENDATIONS  
 
In this thesis, the macrosegregation of phases has been studied. The zone of maximum 
eutectic macrosegregation through the matrix was modeled during the centrifugal casting of 
ZA8 zinc-aluminum alloy. In addition, we have studied and modeled, during the centrifugal 
casting of a functionally graded aluminum matrix composite (Al/SiC), the segregation of 
submicron particles while using – during the modeling – a dynamic viscosity and a variable 
centrifugal radius. As a result of this work we can recommend, for future research, the 
following points: 
 
• Study the centrifugal casting of metal matrix composites reinforced by nano-metric 
particles. This study will allow verification of the centrifugal laws on such particle types, 
as well as analysis of the phenomenon of agglomeration for this size of reinforcement and 
its influence on the particles’ volume fraction across the casting section. 
 
• Change the composition of the composite matrix in order to segregate, on the inner 
casting surface, hard and resistant to wear particles with low density, such as boron 
carbide (B4C), for example. This can be done by adding to the matrix dense addition 
elements, such as copper, to increase the density of the matrix relative to that of the 
particles and thus reverse the direction of the particle displacement. 
 
• Study the influence of alloying elements, such as magnesium (Mg), on the 
macrosegregation of phases. Mg gives, with aluminum and zinc, phases at temperatures 
higher than that of the eutectoid transformation that occurs in zinc-aluminum alloys, 
which may be useful to limit macrosegregation. 
 
• Optimize the segregation of particles and phases during the centrifugal casting of metal 
matrix composites in order to have better mechanical properties and decrease the 
possibility of failure. 
 
 APPENDIX I 
 
 
COMPOSITION AND MECHANICAL PROPERTIES OF ZINC ALLOYS 
 
 
Table I.1   Designation and composition of zinc casting alloys 
(From ASM Handbook, vol. 15, 2008) 
 
 
 
(a) Maximum unless range is given or otherwise indicated 
Alloy Stand -
ard 
ASTM
Composition(a), wt% 
Common 
designation 
UNS 
No. Al Cu Mg Fe Pb Cd Sn Ni Zn
No. 3 Z33530 B 86 
3.5–
4.3 0.25
0.02–
0.03 0.100 0.005 0.004 0.003 … bal
No. 5 Z35531 B 86 
3.5–
4.3 
0.75
–
1.25
0.03–
0.08 0.075 0.005 0.004 0.003 … bal
No. 7 Z33523 B 86 
3.5–
4.3 0.25
0.005
–0.02 0.10 0.003 0.002 0.001
0.005
–0.02 bal
No. 2 Z35541 B 86 
3.5–
4.3 
2.5–
3.0 
0.020
–
0.050 0.100 0.005 0.004 0.003 … bal
ZA-8 Z35636 B 86 
8.0–
8.8 
0.8–
1.3 
0.015
–0.03 0.075 … 0.004 0.003 … bal
ZA-12 Z35631 B 86 
10.5
–
11.5
0.5–
1.25
0.015
–0.03 0.10 0.004 0.003 0.002 … bal
ZA-27 Z35841 B 86 
25.0
–
28.0
2.0–
2.5 
0.01–
0.02 … 0.004 0.003 0.002 … bal
 
ACuZinc5 Z46541 B 894 2.9 5.5 0.04 0.075 0.005 0.004 0.003 … bal
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Table I.2   Comparison of typical mechanical properties of zinc casting alloys 
(From ASM Handbook, vol. 15, 2008) 
 
 
 D: die cast;  
 S: sand cast;  
 P: permanent cast. 
Alloy and 
product 
forms 
Ultimate 
tensile 
strength 
0.2% offset 
yield 
strength Elongation 
in 50 mm  
(2 in.), % 
Hardnes
s, HB 
Fatigue 
strength 
Young's 
modulus 
MPa ksi MPa ksi MPa ksi GPa 
106 
psi 
No. 2 (D) 358 52 … … 7 100 58 8.5 … … 
No. 3 (D) 283 41 … … 10 82 47.6 6.9 … … 
No. 5 (D) 331 48 … … 7 91 56.5 8.2 … … 
No. 7 (D) 283 41 … … 13 80 … … … … 
ZA-8 (S) 
248–
276 
36–
40 200 29 1–2 80–90 … … 85.5 12.4
ZA-8 (P) 
221–
255 
32–
37 207 30 1–2 85–90 51.8 7.5 85.5 12.4
ZA-8 (D) 372 54 290 42 6–10 95–110 … … … … 
ZA-12 (S) 
276–
317 
40–
46 207 30 1–3 90–105 103.5 15 83.0 12.0
ZA-12 (P) 
310–
345 
45–
50 207 30 1–3 90–105 … … 83.0 12.0
ZA-12 (D) 400 58 317 46 4–7 95–115 … … … … 
ZA-27 (S) 
400–
440 
58–
64 365 53 3–6 110–120 172.5 25 75.2 10.9
ZA-27 (P) 
421–
427 
61–
62 365 53 1 110–120 … … 75.2 10.9
ZA-27 (D) 421 61 365 53 1–3 105–125 … … … … 
 APPENDIX II 
 
 
GENERAL PRPERTIES OF CERAMICS 
 
 
Table II.1  General properties of the most used ceramics as a reinforcement   
(From N. Villar, 1996) 
 
 
 
Ceramics Density 
(g/cm3) 
Hardness  
(GPa) 
Young’s 
modulus 
(GPa) 
Coefficient 
of thermal 
expansion 
 (10-6 K-1) 
Thermal 
conductivity 
(W.m-1.K-1) 
Cr3C2 
 
6.7 10-20 285 10 19 
ZrO2 stable 
 
5.5 - 6 10 - 15 97-207 13.5 1.7 
TiC 
 
4.92 28-35 430 7-8.5 30-35 
TiB2 
 
4.5 - 4.6 15 - 35 515 - 575 8.1 65 – 120 
Al2O3 3.97 18-22 380-450 7-8 25-30 à 20 °C 
5-10 à 1000 °C 
SiC 
 
3.2 20-30 420-450 4-6 10-40 à 1000 °C
Si3N4 
 
3.18 8-20 304 3 9-30 
Mullite 
 
2.8 ---------- 145 6 5 
B4C 2.52 Knoop 
microhardness:
2800-3500 
448 ---------- 92 
BN 
 
2.18 ----------- ----------- ---------- ----------- 
Graphite 
 
2.2 35-85 1.5-35 0.1-20 1-500 
 APPENDIX III 
 
 
DETERMINATION OF HEAT TRANSFER COEFFICIENTS 
 
 
Heat transfer coefficient by forced convection (Poirier D. R. and Poirier E. J., 1991) 
 
L
KNh aireuc
⋅
=                                                        (III.1) 
Nusselt number is given through the following equation: 
 
NuL = 0.664 · ReL1/2 · Pr1/3                                                (III.2) 
 
Reynolds number for laminar flow is given through the following equation:       
                                          
μ
ρaire
eL
VL
R
⋅⋅
=                                                       (III.3) 
Where:  
         Kaire : air thermal conductivity, w/m· ºC;  L : thickness, m; V : air velocity; 
         μ : air viscosity, kg/m·s; ρaire : air density, kg/m3; Pr : Prandtl number. 
 
Heat transfer coefficient by radiation (Poirier D. R. and Poirier E. J., 1991)   
 



−⋅



−⋅⋅= airairr TTTTFh
22σ                                       (III.4) 
Where: 
         F : emissivity function ε (ε = F = 0.09 – aluminum; F = 0.28 - steel); 
         σ : Stefan-Boltzman constant, 5.67 · 10-8  W · m-2 · k-4. 
 APPENDIX IV 
 
 
CONSTANT TIME INCREMENT  
 
 
 
Figure III.1 shows the variation in the particle volume fraction (fv) on the outer casting 
surface as a function of Δt. In this figure, the variation of fv decreases and tends to reach a 
constant value with decreasing Δt. According to Fig. IV.1, the decrease in Δt below 0.005s 
for an average time of cooling of 0.4s will not change significantly the particles’ volume 
fraction on the outer casting surface. The reduction in ∆t, while using it as a constant value, 
reduces the gap between the last variation of the temperature above the liquidus and the 
liquidus which increase the time of particles displacement, improves the homogeneity of 
their distribution, and reduces the difference between the theoretical and experimental results 
on the outer casting surface (Figs. IV.2, IV.3, IV.4, IV.5).  
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Figure IV. 1  Variation of the particles’ volume fraction as a function of time increment                
(Tmetal = 953 K, Tmold = 623 K). 
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Figure IV. 2  Particle volume fraction variation for a time increment ∆t = 0.2 s 
(Tmetal = 953 K, Tmold = 623 K). 
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Figure IV. 3  Particle volume fraction variation for a time increment ∆t = 0.1 s       
(Tmetal = 953 K, Tmold = 623 K). 
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Figure IV. 4  Particle volume fraction variation for a time increment ∆t = 0.03 s                          
(Tmetal = 953 K, Tmold = 623 K). 
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Figure IV. 5  Particle volume fraction variation for a time increment ∆t = 0.005 s                        
(Tmetal = 953 K, Tmold = 623 K). 
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